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In the five years since the first edition of this text was written, I have had the opportu- 
nity to receive comments from a great many instructors who have taught from the text. 
Those comments provided a working plan for improving the clarity of the presentation 
and making the book more useful as a learning tool for students. 

There are three areas in which the improvements to this second edition are concen- 
trated: making the book easier to read, adding important new material, and adding to 
the scope of the various applications. 

First, the text has been almost completely rewritten to provide a more realistic read- 
ing level. Shorter sentences combined with a more conversational style will help stu- 
dents to better understand the material, including the more difficult concepts. 

Second, more than half of the chapters have had new material added, expanded, or 
clarified: 


Chapter 3—Work and power topics have been streamlined. More information on mod- 
ern resistors has been included. 

Chapter 5—More examples and problems on series circuits. 

Chapter 6—More examples and probiems on parallel circuits. 

Chapter 7—-Many more examples and problems on series-parallel circuits, including 
ladder schematics. 

Chapter 9—Various interconnections of cells and the effects on internal resistance and 
capacities have been made more clear. 

Chapter 10—Nodal analysis and additional examples and problems on Thévenin’s and 
Norton’s techniques have been added. 

Chapter 11—An optional section on nonlinear magnetic circuits that require the use of 
B-H curves for analysis has been added. 

Chapter 15—More information on true rms values arid nominal line voltage and fre- 
quencies in other countries are presented. 

Chapter 18—Consideration of transformers with multiple secondaries. 

Chapter 19—Material on exponential equations for solving dc RL circuits has been 
moved from the Appendix to an optional section. 

Chapter 21—Additional information on electrolytic capacitors. 

Chapter 22—-Material on exponential equations for solving de RC circuits has been 
moved from the Appendix to an optional section. 

Chapter 23 and 24—-Added material on voltage division in a series RC circuit. 
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Chapter 27—Added information on phase-shifting circuits (magnitude and phase) and 
the use of complex numbers in Norton’s Theorem. 


Continuing with a major strength of the first edition, many new applications have been 
provided in the following chapters: 


Chapter 2—Application of electrostatics to Xerography. 

Chapter S—An illustration of a series control circuit in a swimming pool heater. 

Chapter 7—Series-parallel ladder schematic of relay controls in a lathe. 

Chapter 10—Thévenin’s and Norton’s theorems applied to a transistor equivalent cir- 
cult. 

Chapter 23 and 24—-Resistor-capacitor circuits used in audio amplifier tone controls. 

Chapter 24—-Series RLC circuit theory applied to operation of relays and solenoids at 
lower than normal voltage. 

Chapter 25—Use of capacitors as voltage dropping devices to operate elapsed time 
indicators at higher voltages with low power consumption. 

Chapter 28—Use of a half-wave rectifier to extend the life of an incandescent lamp. 


I hope that these changes will make the book even more understandable, informative, 
and enjoyable for students of electricity and electronics. 


Allen Mottershead 





TO THE FIRST EDITION 


Everyone knows that the world is becoming more complex. From the cars we drive to 
the calculators, computers, and entertainment equipment familiar to all, we take for 
granted the advances that electronics has brought. And yet, the fundamental principles 
that made many of these devices possible first had to be understood before such devices 
could be developed. This book provides the fundamentals of electricity, magnetism, and 
electronics to help you understand the world around you. Many everyday applications 
are described to show these fundamentals at work. Also, completion of the material in 
this book will allow you to study in detail the advanced theory and applications of 
electrical and electronic devices, circuits, and systems. 

The book is written for the first-year course in an electricity/electronics program at a 
community college, vocational institute, or technical college. It covers the traditional 
material of dc and ac circuits, including magnetism, that is required for both electronic 
and electrical majors. It assumes no previous knowledge of electricity or electronics. 
Only a basic understanding of algebra is required, and right-angle trigonometry is intro- 
duced only when it is necessary to understand alternating current. 

There are three parts to the book. In Part One, after introducing calculators, electrical 
meters, and the basic electrical quantities, series and parallel circuits are covered fol- 
lowed by series-parallel circuits and their applications in loaded voltage dividers. A 
comprehensive chapter on voltage sources contains up-to-date information on the latest 
secondary batteries as well as fuel and solar cells. The important effect of internal 
resistance on maximum power transfer is also considered. A chapter on network analysis 
covers all the important methods such as branch currents, loop, superposition, Théven- 
in’s, Norton’s, and delta-wye transformations. Magnetism is then covered so that its 
applications in dc ammeters, voltmeters, and other dc measuring instruments can be 
shown. 

Part Two begins with the generation of alternating current (ac) and direct current 
(dc), and continues with a detailed coverage of alternating voltage and current. This 
includes a chapter on ac measuring instruments, concentrating on the oscilloscope and 
its use. The oscilloscope can then be referred to during the following chapters on induc- 
tance and capacitance where their effects in both dc and ac circuits are considered. A 
whole chapter on transformers is included. After treating various combinations of resis- 
tance, inductance, and capacitance in alternating circuits, power and resonance in these 
circuits are also covered. Part Two ends with an optional chapter on complex numbers. 
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Part Three introduces the broad field of electronics. How a PN junction diode can 
cause rectification is explained, and its use to convert ac to dc in power supplies is 
followed by a discussion of filters. Finally, the bipolar junction transistor is introduced, 
and its use is demonstrated in amplifiers and oscillators. 

The book has a number of features. First, theory and principles are made easier to 
understand by presenting applications whenever possible. For example, following a the- 
oretical discussion of magnetism, we see how loudspeakers and dc motors operate, how 
solenoids and relays are used in a typical home heating/cooling system, and how the 
Hall effect is used in a clamp-on ammeter to measure both ac and dc. 

In the chapter on electromagnetic induction we see the basic principles applied to a 
microphone, a magnetic tape recorder, practical alternators and dc generators, and a 
voltage regulator for an automotive battery-alternator system. 

In the chapter on transformers, applications to power distribution and residential wir- 
ing systems are made, including the safety features of a ground connection and a ground 
fault circuit interrupter. Other applications include the conventional and electronic au- 
tomotive ignition system, the role of an inductor in a fluorescent lamp circuit, the use 
of capacitors in photoflash units, differentiating and delay circuits, and power factor 
correction applications. The chapter on resonance shows how the principles of resonance 
are applied to a superheterodyne AM receiver, and the chapter on diodes applies the 
principles of rectification to the three-phase output of an automobile’s alternator. 

Second, every opportunity is taken to show how measurements are properly made by 
the latest in instrumentation. Three chapters are devoted to dc and ac measuring instru- 
ments. The conventional meters to measure current, voltage, resistance, and power, 
both analog and digital, are examined, in addition to the following: Gaussmeter, poten- 
tiometer for voltmeter and ammeter calibration, Wheatstone bridge, frequency and pe- 
riod meter, instrument transformers, impedance bridge, capacitance and inductance me- 
ters, power factor meter, vector impedance and voltage meters, and curve tracers. The 
use of the oscilloscope is stressed in the measurement of time constants, inductance, 
capacitance, phase angle, quality factor, and so on. 

Third, every chapter has a summary, self-examination, review questions, and prob- 
lems. Answers to the self-examination questions and to the odd-numbered problems are 
at the back of the book. There is also a comprehensive glossary containing all the book’s 
important terms, as well as the symbols and units of each electrical quantity. The ap- 
pendixes contain 14 sections that cover tables of information on resistors, wire gauges, 
determinants, trigonometry ratios, derivations, and so on. 

Fourth, the text is arranged so that material needed for a concurrent laboratory course 
is given early in the text. A laboratory manual is available that was written to accom- 
pany the text. The laboratory manual has one laboratory experiment with many self- 
contained sections, for each chapter in this book. It is designed to be used with most 
standard laboratory equipment and supplies. 

Finally, this book is available in both the conventional-current version and the elec- 
tron-flow version. Although the SI system recommends the eventual adoption of con- 
ventional current, many will prefer to remain with the more familiar electron flow. 
Either way, it is the hope of the author that this book will make electricity and electron- 
ics more understandable and enjoyable to both reader and instructor. 


Allen Mottershead 
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TO THE INSTRUCTOR 


This book may be used in a number of different ways. 


1 For a conventional two-semester dc/ac course: 
Semester 1: Part I, DC Circuits: Chapters 1 to 13. 
Semester 2: Part II, AC Circuits: Chapters 14 to 27. 

2 An alternate two-semester dc/ac course may use the following sequence: 
Semester 1: DC Circuits: Chapters 1-10, 21, 22, 11, 17, 19, 12, and 13. 
Semester 2: AC Circuits: Chapters 14, 15, 18, 16, 20, and 23-27. 


3 For a one-semester combination dc/ac course (no analysis) that may include none- 
lectrical/electronics majors, the following chapters and sections are recommended: 


WEEK DC CIRCUITS 

1 Chapter 1—read lightly 
Chapter 2 

Z Chapter 3 

3 Section 4—1 and Chapter 5 

4 Chapter 6 
Section 7-1 

> Chapter 8—read lightly 
Chapter 9 

6 Chapter 11—Omit Section 11-15 

fj Chapter 12—-Omit Section 12-4 


Chapter 13—-Omit Sections 13-4 and 13-6 
AC CIRCUITS 


8 Chapter 14—All plus Appendix F 

9 Chapter 15 
Sections 16-1 and 16-6 

10 Chapter 17—Omit Sections 17-2, 17-5.3, and 17-5.4 
Chapter 18—Omit Sections 18-1.4 and 18-6 

11 Chapter 19—Omit Sections 19-4, 19-6.1, 19-6.2 and 19-10 
Chapter 20—Omit Sections 20-4, and 20-6 through 20-9 

12 Chapter 21—Omit Sections 21-4 and 21-7.1 

13 Chapter 22—-Omit Sections 22-6, 22-8, and 22-9 


TO THE INSTRUCTOR 


Chapter 23—Omit Sections 23-3.3 through 23-6 


14 Chapter 24—Omit Sections 24-4.1, 24-6.1, 24-9, 24-10, and 24-11 
WEEK ELECTRONICS 

15 Chapter 28—Omit Sections 28-12 and 28-13 

16 Chapter 29 


4 For a one-semester dc/ac analysis course that concentrates on areas such as network 
theorems, magnetic circuits, exponential equations for L and C circuits, and complex 
numbers and is designed to follow the course in No. 3 above, the following chap- 
ters, sections, and appendixes are recommended. (It is assumed that coverage of 
sections omitted in the first course will be accompanied by a general review of 
pertinent material in the appropriate chapter. ) 


WEEK 
1 General review plus Chapter 4 
2 Chapter 7 
3 Chapter 8 
4.5 Chapter 10 and Appendix D 
6 Review plus Section 11-15 plus Appendix K 
fi Review of Chapter 14 plus Appendixes E, G, and H 
8 Chapter 16 
9 Review of Chapter 17 plus Sections 17-2, 17-5.3, and 17-5.4 
Review of Chapter 18 plus Sections 18-1.4 and 18-6 
10 Sections 19—4, 19-6.1, 19-6.2, and 19-10 
Sections 20-4, 20-6 through 20-9 plus Appendix I 
11 Sections 21-4 and 21-7.1 plus Appendix J 
Sections 22-6, 22-8, and 22-9 
12 Sections 23-3.3 through 23-6 plus Appendix L 
Review Chapter 24 Plus Sections 24-4.1, 24-6.1, 24-9, 24-10, and 24-11 
13 Chapter 25 
14 Chapter 26 
15,16 Chapter 27 


Individual needs vary from one instructor and course to another so that many variations 
of the above are possible. For example, Chapter 27 on complex numbers may appear 
more logically (for some) immediately after Chapter 24 on ac circuits. Others may wish 
for this material to appear even earlier, before reactance. Or they may feel it is too 
advanced and omit it altogether. For this reason, Chapter 27 stands on its own as op- 
tional material at the end of Part Two. 

It is assumed that a laboratory session constitutes part of each semester course, using 
4 minimum of three hours lecture and three hours laboratory per week. Topics have 
been arranged with this in mind so that, for example, Chapter 16 on the oscilloscope 
precedes capacitance and inductance. This means that the oscilloscope can be used in 
the laboratory experiments on these two topics, allowing the observation and measure- 
ment of time constants. 

Students can check their own progress by doing the review questions, self-examina- 
tions, and problems. In general, problems become more difficult toward the end of each 
chapter, and even more challenging ones are found among the even numbers. A Solu- 
tions Manual for all problems is available to instructors. 
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Accuracy and Rounding Off Numbers 
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Conversion Factors 
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Electrical Devices 

Pictorials and Schematics 

Safety 

Reading Scales of Multirange Meters 
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Summary 
Self-Examination 
Review Questions 
Problems 
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2-4.2 Electromotive Force 
2-5 Atomic Structure 
2-5.1 Valence Electrons 
2-6 Free Electrons 
2-7 Conductors and Insulators 
2-8 Current 
2-9 Conventional Current and Electron Flow 
2-10 Drift Velocity of Current 
2-11 Resistance and Conductance 
Summary 
Self-Examination 
Review Questions 
Problems 
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3-1 Connection of Circuit Meters 
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Self-Examination 
Review Questions 
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Self-Examination 
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INTRODUCTION 


TO 


CALCULATORS, 
CIRCUITS, AND 


METERS 





To study electricity and electronics in any detail, you will have to 
perform calculations. They are needed in solving problems to 
become familiar with a subject or to predict results using 
equations. The electronic calculator has made ordinary arithmetic 
computations a much less tedious task. One purpose of this 
chapter is to help you choose and learn to use this essential tool 
for everyday calculations. Another is to introduce you to a simple 
electric circuit and the symbols used to represent that circuit in a 
schematic diagram. Still another purpose of this chapter is to help 
you learn to correctly read the scales of multirange meters used to 
test circuits and components. 





A 





SCIENTIFIC NOTATION 


1-1 THE ELECTRONIC CALCULATOR 


Except when very large or very small numbers are in- 
volved, even the lowest-cost calculators will allow you to 
enter and process the four basic arithmetic operations (+ , 
—, X, ~). These calculators provide only an eight-digit 
readout. Consider the problem of multiplying the number 
50,000,000 by 2. The result, of course, is 100,000,000, 
but such calculators cannot display all the digits. On some 
calculators, the 1 disappears off the left end of the display 
and only zeros are shown. On one calculator model, the 
result is shown as 10,000,000, but is indicated as incorrect 





FIGURE 1-1 
A typical scientific calculator. (Courtesy of Texas 
Instruments.) 
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by a flashing display. Still other calculators may show that 
an answer is too long for the display by placing decimal 
points after every digit. 

A ‘‘scientific’’ calculator or ‘‘electronic slide rule’’ cal- 
culator, of the type shown in Fig. 1-1, is a worthwhile 
investment. Besides the capability of displaying 10 or 
more digits, these calculators have many useful functions. 
Most include the trigonometric functions of sin, cos, tan, 
and their inverse, as well as log;o and In. If you plan to 
continue in electronics technology, the calculator should 
be capable of converting from rectangular to polar nota- 
tion, and vice-versa. The calculator you choose may have 
some functions you do not immediately use, but you will 
learn to understand and use them as you advance. Depend- 
ing on your budget, you may choose a scientific calculator 
that is programmable, or even one with printout capability. 


1-2 SCIENTIFIC NOTATION 


The scientific calculator handles very large and very small 
numbers by using scientific notation, which is a form of 
‘‘shorthand notation.’’ It involves writing a given number 
as a number between | and 10 (but not including 10), mul- 
tiplied by 10 raised to a suitable exponent. The exponent 
may be positive or negative. For example: 


34,275 = 3.4275 x 10° 


1100 = 1.1 x 10° 

56,000,000 = 5.6 X 10’ 
0.00678 = 6.78 x 10° 
0.000,0016 = 1.6 x 10 ° 


Assume that you have a scientific calculator with a 10- 
digit display and want to do this calculation: 


5,000,000,000 x 2.2 


If you do the problem by hand, using scientific calcu- 
lation, you obtain 


5,000,000,000 x 2.2 = 5 x 10” x 2.2 
11 x 10° 

1.4 x 10” 

= 11,000,000,000 


| 


Obviously, the 11-digit result is too long to be dis- 
played by your calculator. To overcome this problem, the 
calculator will display the result in scientific notation as 
1.1 10. This is the same as the number written in the form 
1.1 x 10'°. On some calculators, an E or EE may be 
displayed between 1.1 and 10. 


You can enter numbers in scientific notation by press- 
ing the scientific exponent key (often labeled EE). For ex- 
ample: 

Multiply: (7.6 x 10°) x (6.5 x 10%) 


Enter Press Display Purpose 
C 0 Clears the calculator 
7.6 “EE 3 7.6 03 Enters first number in 
scientific notation 
x 7.6. 03 Instruction to multiply 
6.5 EE 4 6.5 04 Enters second number in 
scientific notation 
= 4.94 08 Answer 
Answer: 4.94 x 10° 


NOTE If you wish to enter only a power of 10 (such as 10%), the 
calculator may not respond unless you enter a 1 before pressing 
the EE key. Your entry would be 1 EE 4, or1 x 10*. See 
Problem 1-10. 


Some calculators can convert from scientific notation to 
decimal notation, as follows: 


Enter Press Display Purpose 
4.94 08 2nd BE 494,000,000 Converts 
scientific 


notation to 
decimal form 


If the decimal form has more digits than the calculator 
can display, the display may continue to show the entered 
numbers, or may flash as described earlier. 

Some calculators also can convert from decimal nota- 
tion to scientific notation. For example: 


Enter Press Display Purpose 
494,000,000 494,000,000 
EE 494,000,000 OO Converts 
decimal 
form to 
scientific 
notation 
= 4.94 08 
Answer: 4.94 x 10° 
— der 3204 * 10°? 
inally, consider Te x 10" 
Enter Press Display Purpose 
3.04 FE +/—2 3.04-02 To multiply 
3.04 by 
10, use 


the +/- key 
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to enter a 

- negative ex- 
ponent 
Indicates di- 
vision as the 
next opera- 
tion 
Enters the 
denominator 
in scientific 
notation 


= 3.04-02 
21.6 04 


= 1.407407407-07 
2nd BE .0000001407 


Answer: 1.407407407 x 10°’ (1.41 x 107”) 


By using the appropriate key, operations involving ad- 
dition, subtraction, squaring or square root can be per- 
formed in a similar way on numbers in scientific notation. 

The method of entering data may vary depending on the 
make of the calculator. Some calculators use algebraic no- 
tation; others a method known as ‘“‘reverse Polish nota- 
tion.’’ The instruction booklet for your calculator will tell 
you how data should be entered and usually will provide 
examples. 


1-3 ACCURACY AND ROUNDING OFF 
NUMBERS 


The answer to the last example, 1.407407407, raises the 
important question, ‘“‘How many digits are significant in 
the final answer?’’ This depends on how many significant 
figures are in the original numbers used in the problem. 

Significant figures are those that provide information on 
how accurately a number is known. If you weigh an object 
and state its weight to be 125 pounds, you are indicating 
three significant figures of accuracy. That is, the weight is 
closer to 125 pounds than 124 or 126 pounds. If the mea- 
suring instrument had sufficient precision, you might state 
that the weight is 125.0 pounds. This is now a four signif- 
icant figure accuracy, stating the weight is closer to 125.0 
than 124.9 or 125.1 pounds. In the first case, the weight 
is known to within +1 pound, but in the second case, the 
weight is known to within +0.1 pound. 

Although higher accuracy generally requires more pre- 
cise measurements, accuracy is not the same as precision. 
It is quite possible for a precision digital voltmeter to in- 
dicate a value such as 1.578 volts, implying the value is 
known to the nearest 0.001 volt. But if the instrument is 
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defective, or has not been recently calibrated against a 
standard (a known true value of voltage), the reading itself 
may not be correct or true. That is, you may have made a 
highly precise reading that is inaccurate. In short, precise 
implies ““sharply defined to within narrow limits’’; accu- 
rate implies ‘‘correctness’’ or ‘‘truth.’’ 

It should be noted that a measured value of 0.00782 is 
known to three significant figures. The zeros are not sig- 
nificant in determining accuracy; they are used only to 
show the size of the number. And finally, a measured 
value of 1000 is considered to have only one significant 
digit, but the number 1000.0 has five significant figures. 

The importance of significant figures is seen when ex- 
pressing a final answer for a computation that involves 
measured data. 

In the computation (3.04 xX 10-7 = 21.6 x 10*) both 
numbers contain three significant figures, so the answer 
can have no more than three significant figures. The cal- 
culator answer of 1.407407407 x 107’ must be rounded 
off to 1.41 x 107”. 

If the original numbers had been quoted as 3.039 xX 
10-7 and 21.58 x 10*, these would be accurate to four 
significant figures and the calculator result of 1.408248378 
x 10~’ would be written as 1.408 x 107’. 

In general, a calculation that involves multiplication, 
roots, and division of measured data provides a result 
that is only as accurate as the Jeast accurate informa- 
tion used, and must be rounded off accordingly. 

To illustrate this, imagine that you want to calculate the 
average miles per gallon (mpg) of fuel used by your car. 
The odometer reading shows a distance of 221.7 miles for 
a gas pump reading of 11.5 gallons. Using your calculator, 
you get this result: 


221.7 miles 


= 19.27826087 
11.5 gallons Pe 


Because the gas pump reading was the least accurate in- 
formation (containing only three significant figures), the 
rounded-off answer is 19.3 mpg. 

It should be noted that addition of measured data must 
be treated differently as far as rounding off is concerned. 
If two objects were weighed on two different scales, with 
one measured to be 12 pounds, and the other to be 0.0005 
pounds, the computation involving their sum (12 + 
0.0005) pounds must be rounded off to 12 pounds. That 
is, although 0.0005 is known to only one significant fig- 
ure, this does not determine the accuracy of the addition. 
The weight of 12 pounds is known only to the nearest 
pound, so the addition of 0.0005 pounds is not meaningful. 


rf 


The above discussion has emphasized computations in- 
volving measured data where some limitation on accuracy 
is always in effect. In this case, final answers should al- 
ways be rounded off although intermediate calculations 
should not. 

However, in many problems, where data are given, it 
is assumed in this text to be exact, so that computations 
such as 9/4 = 2.25 will not be rounded off to 2. 

Neither will the computation be shown as 9.00/4.00 = 
2.25, since the numbers 9 and 4 are assumed to have 
whatever accuracy is needed for the final answer. Where 
results are not exact, rounding off will be done to reflect 
the given data’s decimal place accuracy. 


1-4 THE Si SYSTEM 


Although the United States has not officially adopted the 
metric system, it is used in most other countries of the 
world. For this reason, many American industries that 
market products in other nations have chosen to use metric 
units in their drawings and specifications. 

There are three systems of units, differing basically in 
the units used for length and mass. (AIl three systems 
measure time in seconds.) Table 1-1 compares the units 
used in the three systems. Note that the name of each sys- 
tem stems from the first letter of each unit of measurement 
for length, mass, and time. 

In 1965, the Institute of Electrical and Electronic Engi- 
neers (IEEE) adopted the International System of Units, 
better known as the ‘‘SI’’ system from the initial letters of 
its name in French (Systéme International d’Unites). The 
SI (or metric) system is based on the fundamental units of 
the meter, kilogram, second, and ampere and is sometimes 
referred to as the ‘“MKSA’’ system. Other metric units of 
measurement are derived from these fundamental units, 
and are thus called ‘‘derived units.’’ 


TABLE 1-1 
Physical Units 


ate iial 





MKS Meter (m) Kilogram (kg) | Second (s) 
CGS Centimeter | Gram (g) Second (s) 
(cm) : 
FPS Foot (ft) Pound-mass Second (s) 
(Ib,,) 


1-5 CONVERSION FACTORS 


Sometimes, it is necessary to make conversions from the 
units of one system of measurement to the units of another 
system. To help you make such conversions, a list of 
some of the common conversion factors is provided in 
Table 1-2. 

In Table 1-2, the unit abbreviations for the conversion 
factors are also given in ratio form. This is obtained by 
dividing both sides of the equation by the same unit. Since 
the ratio represents a factor of 1, multiplying or dividing a 
quantity by a conversion ratio does not change the quan- 
tity. 





EXAMPLE 1.1 


Convert 3.67 feet to meters. 


Solution 


0.3048 m 


Since 1 foot = 0.3048 m, then 1 ft 


= 1 (see Table 


1-2). 


TABLE 1-2 
Common Conversion Factors, in Equation and Ratio 
Form 





1 inch = 2.54 centimeters; oh 











.3048 
1 foot = 0.3048 meter: ae 
nie = 9-608 Mignctcrs. 
1 mi 
3.785 | 
1 gallon = 3.785 liters; 
1 gal 
28.35 
1 ounce = 28.35 grams; 27 
1 OZ 
0.4536 k 
1 pound = 0.4536 kilogram; —* 
(mass) A 
4.45 N 
1 pound = 4.45 newton; a 
(force) i 
746 W 
1 horsepower = 746 watts; {AD 
550 ft Ib/s 


1 horsepower = 550 ft Ib/s; iho 
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3.67 tx 1= 367K x oem 
1 At 
= 3.67 x 0.3048 m 
= 1.118616 m (by calculator) 
= 1.12 m (rounded to three significant 
figures) 





Note that the units of feet in this example cancel, leav- 
ing the desired units of meters. 

Some calculators have conversion factors stored in 
memory, and can make the conversions when you supply 
a code (these codes may be printed on the back of the 
calculator). One popular scientific calculator uses the code 
02 for feet to meters conversion: 


Enter Press Display 
C 0 

3.67 3.67 
2nd 3.67 
Q2 (Code) 1.118616 
3.67 ft = 1.12 m 


Answer: 


1-6 UNIT PREFIXES 


Standard prefixes are attached to metric unit names to 
identify multiples and submultiples of that unit. The pre- 
fixes are used with both fundamental (length, mass, time) 
units and derived units. You will see them frequently in 
the units of electrical measurement used later in this book. 
Table 1-3 lists the common prefixes and the symbols used 


TABLE 1-3 
SI Unit Prefixes 





You (=)an piles 
Yo} tc tireyal Prefix 
1,000,000,000,000 | 10‘ tera T 
1,000,000,000 | 10° giga G 
1,000,000 | 10° mega M 
1000 | 10° kilo k 
0.001 10.” milli m 
0.000,001 10° micro yw 
0.000,000,001 10." nano n 
0.000,000,000,001 10°" pico 0 
10-2 femto f 
10° atto a 


A SIMPLE ELECTRIC CIRCUIT 


when abbreviating the unit (the milligram, or 1/1000th 
gram, is abbreviated mg). 

With this system, any quantity that is much larger or 
much smaller than the basic unit is referred to in a compact 
form that includes the name of the basic unit. A kilometer, 
for example, can be written as 1 X 10° m, or in the simple 
abbreviated form, 1 km. It is important to distinguish be- 
tween the lowercase m, which stands for milli, and the 
capital M, which stands for mega. There’s a considerable 
difference between 1 MV (1,000,000 volts) and 1 mV 
(0.001 volt)! 


EXAMPLE 1-2 


Convert 0.0005 seconds to: 
a. milliseconds (ms) 
b. microseconds (ws) 


Solution 


a. 0.00085s = 0.55 x 10 *s = 0.5 ms 
b. 0.0005s = 500 x 10°°s = 500 ps 


EXAMPLE 1-3 


Convert 0.035 nanoseconds to: 
a. picoseconds (ps) 
b. microseconds (ys) 


Solution 


0.0385 x 10°°s = 35 x 10's 
= 35 ps 

b. 0.035 ns = 0.035 x 10°°s = 0.000,035 x 10°°s 
= 0.000,035 us = 3.5 x 10° “ps 


a. 0.035 ns 


1-7 A SIMPLE ELECTRIC CIRCUIT 


An electric circuit consists of various components con- 
nected together in a way that will provide a complete path 
for the flow of electric current. These components include 
passive devices that do not amplify or provide a source of 
energy. The three basic passive components in electrical 
circuits are the resistor (R), the inductor (L), and the ca- 
pacitor (C). Also included in many circuits are such elec- 
trical devices as buzzers, lamps, relays, transformers, and 


motors. All passive devices can be reduced to circuit com- 
ponent combinations of R, L, and C. 

Sources of electrical energy (and devices that amplify) 
are known as active devices. These include generators, 
chemical batteries, and solar cells. 

A distinction must be made between electric and elec- 
tronic circuits. An electric “‘power’’ circuit usually in- 
volves the transfer of relatively large amounts of energy to 
produce heat, light, motion, and so on. An electronic cir- 
cuit involves the transfer of much smaller amounts of en- 
ergy. In addition to the three basic passive devices, elec- 
tronic circuits involve additional active devices such as 
semiconductors (transistors and integrated circuits) and 
electron tubes. 

Most electric circuits have four main parts: 


1. A source of electrical energy such as a chemical bat- 
tery, generator, or solar cell. 

2. A load or output device such as a lamp, motor, or 
loudspeaker. 

3. Conductors to transport the electrical energy from the 
source to the load. The conductors are usually copper 
or aluminum wires. 

4. A control device such as a switch, thermostat, or re- 
lay. This device controls the flow of energy to the 
load. 


The energy source may be either direct current (dc) or 
alternating current (ac). Direct current flows in only one 
direction and is generally constant in value; alternating 
current continuously changes in value and periodically re- 
verses direction of flow (polarity). Figure 1-2 represents 
the ac and dc sources in graphic form, along with the sym- 
bols used to represent them in circuit diagrams. 

The source applies an electromotive force (emf) or po- 
tential difference to the circuit. The emf is measured in 
volts (V) and is related to the work that a source can do to 
move an electrical charge through a circuit. This flow of 
an electrical charge is called current, and is measured in 
amperes (A). The frequency of an alternating current is the 
number of cycles (changes in polarity) per second, and is 
measured in hertz (Hz). In the United States and Canada, 
the typical domestic stpply voltage is 120/240 volts ac at 
a frequency of 60 Hz. (Potential difference and current 
will be discussed in greater detail in Chapter 2.) 

A flashlight is a good example of a simple series dc 
circuit. To represent such a circuit, a pictorial diagram 
may be used. In such a diagram, the physical appearance 
of each component is shown. Engineers, electricians, and 
technicians, however, prefer the method of representing a 
circuit called a schematic diagram. This type of diagram, 


Volts 


a i 
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T Symbol for dc voltage source 


Time > 
(za) Dc voltage graph and symbol 
Volts 
+ 
0 Symbol for ac voltage source 
Time 


(6) Ac voltage graph and symbol 


often referred to simply as a ‘‘schematic,’’ uses intercon- 
nected symbols that represent electrical components. A 
schematic diagram is much easier to draw than a pictorial 
diagram, especially for a complicated circuit. The flash- 
light circuit is shown in both pictorial and schematic form 
in Fig. 1-3. Note that the components are not labeled in 
the schematic diagram. Symbols for various types of com- 
ponents are standardized for easy recognition. 

Also note the length of the lines in the battery symbols. 
Each cell is represented by a long line for the positive ter- 
minal and a short line for the negative terminal. The po- 
larity labels (+ and —) on the diagram are optional. 

A series circuit, like the one shown, provides only one 
path for current flow. This is the definition of a series cir- 
cuit. (A parallel circuit provides two or more paths.) In 
this circuit, the source of electrical energy consists of two 





(a) Pictorial diagram 
FIGURE 1-3 
Simple electric circuit. 


(b) Schematic diagram 





FIGURE 1-2 

Graphs showing how voltage is 
related to time for dc and ac 
voltages. 


14-V dry cells (batteries) connected in series to supply a 
total emf of 3 V. The load is a 3-V lamp, and the control 
device is a knife-blade switch connected between the 
source and the load. The conductors in this example are 
provided by the metal case of the flashlight. The same cir- 
cuit could be constructed using copper wire for the con- 
ductors. 

When the switch is open (‘‘off’’), as shown in Fig. 1- 
3, no current flows, and thus the lamp does not light. 
When the switch is closed (‘‘on’’), a complete current path 
exists, and electrical energy flows from the cells to light 
the lamp. High resistance to current flow in the lamp’s 
filament causes it to heat up to a white hot incandescence. 
In the lamp, electrical energy is converted to both light and 
heat energy. 


1-8 ELECTRICAL SYMBOLS FOR 
RESISTANCE, INDUCTANCE AND 
CAPACITANCE, AND ELECTRICAL 
DEVICES 


The symbols used in electrical and electronic schematic 
diagrams for the three basic passive components (re- 
sistors, inductors, and capacitors) are shown in Table 1-4. 
Photographs of some representative types of these com- 
ponents are shown in Fig. 1-4. For a more complete list of 
electrical and electronic components and devices, see 
Appendix A. 
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TABLE 1-4 
Schematic Symbols for Resistors, Inductors, and Capacitors 


Type 3171] oe) | Property Unit 








Fixed resistor R Limits Gr opposes Ohm 
Variable resistor R current 










TT) ROME 








Fixed inductor or coil = 0007 L Opposes change Henry 
(air core) 000 of current 

lron core inductor —— L 

Variable inductor L 

Fixed capacitor SS C Opposes change Farad 
Polarized capacitor —}|-—- C of voltage 

Variable capacitor ie C 





FIGURE 1-4 ee ae 
Typical resistors, inductors, and capacitors. 
(Components are mounted on bases for 
breadboarding in a circuit.) 





(b) Inductors (coils) 


SS 
CC RK 
SS 








(a) Resistors (c) Capacitors 
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Electric current naturally encounters some resistance 
(opposition to flow) as it flows through any circuit. In 
some cases, it is desirable to limit the current by intention- 
ally increasing the amount of resistance. This is done by 
inserting devices known as resistors that have known re- 
sistance values. Resistance, symbolized by R, is measured 
in ohms. The Greek letter omega (Q) is used as the abbre- 
viation for ohms. Resistors are available in a wide range 
of standard resistance values. Some typical values are R 
= 220 0, 4.7 kQ, and 1 MQ. The value of a resistor is 
often identified by a series of colored stripes around its 
body (See Section 3-11.1). 

An inductor is a coil of wire that may be wound on an 
iron core, and has the property of opposing any change of 
current through it. This property is called inductance, and 
is symbolized by L. The basic unit of measurement for 
inductance is the henry (H). Typical inductance values are 
L = 100 wH, 30 mH, and 7 H. 

Capacitors consist of conductors separated by an insu- 
lating material or dielectric. Capacitance, symbolized by 
C, is the property of being able to store an electrical 
charge and oppose any change in voltage. The basic 
measuring unit for capacitance is the farad (F), but 
more practical values are the microfarad (wF) and pico- 
farad (pF). Typical values are C = 270 pF, 0.1 wF, and 
100 pF. 


1-9 PICTORIALS AND SCHEMATICS 


A pictorial wiring diagram for a power supply and the cor- 
responding schematic diagram are shown in Fig. 1-5. 

There are a number of points to observe when compar- 
ing the diagrams. 


1. Terminal strips used as solder tie-points are shown in 
the pictorial diagram, but do not appear on the 
schematic. 

2. The connection dots shown on the schematic do not 
necessarily coincide with the tie-points in the 
pictorial. 

3. Straight horizontal and vertical connecting lines are 
used in the schematic. They bear little resemblance 
in location and length to the wires in the actual 
circuit. 

4. The schematic is usually read left-to-right, following 
the current flow. 

5. For reference purposes, each component on the 
schematic is identified by a letter and number such as 
R,, R2, S;, C,, and so on. 
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6. Only the values and ratings of the components 
are shown on the schematic; no other labeling is 
used. 


The pictorial diagram is used for component recog- 
nition and wiring purposes. The schematic diagram 
helps to show how a circuit works and is used as a 
reference for tracing signals through the circuit during 
troubleshooting. Frequently, the schematic is the only 
diagram available. When a schematic is not available, it is 
often worthwhile to trace the circuit and draw your own 
schematic as an aid in troubleshooting. (You will be given 
a chance to practice drawing schematics at the end of the 
chapter. ) 

In the absence of a pictorial diagram, it is also possible 
to use a schematic as a guide to wiring a circuit. In the 
case of laboratory ‘‘breadboarding,’’ this is most easily 
done by laying out the components on the circuit board in 
the same relative positions shown in the schematic. As 
each wiring connection is made, you should check off or 
cross out that line on the schematic to keep track of your 
work. 


1-10 SAFETY 


One of the reasons for introducing the basic electric circuit 
and the units describing emf, current, and resistance in this 
chapter is to help make you aware of some important pre- 
cautions in working with electricity. 

If you touch a high-voltage ac or de source, your bod- 
y’s resistance may be low enough to allow a lethal amount 
of current to flow through it. In effect, you become part 
of the electrical circuit. The amount of current needed to 
disrupt the regular pumping of your heart is in the order 
of a few milliamperes. It is, of course, difficult to get ex- 
act values of this current since figures vary widely. You 
can get some idea of the effects of electrical currents pass- 
ing through the body by studying Fig. 1-6. 

If you are working in a wet location or are in contact 
with a grounded metal water pipe, the normal 120-V do- 
mestic supply voltage can easily kill you. Always follow 
these precautions: 


1. If at all possible, avoid working on live circuits. 

2. When working on a circuit carrying 120 V or 
higher, use only one hand to make voltage 
measurements. Keep the other hand in your 
pocket or behind your back. This will prevent 
creation of a complete path for current to flow 
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DZD S1 
FEE SPST toggle switch . 
| @ Resistor Resistor 
- : ’ Wire-wound 
7 | > potentiometer 
10,000-9 
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[| a a os 
Isolati Capacit 1 RY “a Output —> 
on ae Jes = 
ae 150-V 
Solder tie—points 
Wy 
(a) Pictorial wiring diagram 
33 Ry, CR1 R> 
1000-2 2-W 
Output 
(6) Schematic diagram 
FIGURE 1-5 : 
Pictorial and schematic diagrams of a power supply. (Courtesy of McGraw-Hill.) 
through your heart and lungs. (It does not, 5. Be careful to avoid contact with components that 
however, avoid the possibility of burns on the become quite hot during circuit operation, such as 
hand being used.) resistors, vacuum tubes, or power transistors. Let 
3. Before working with electricity, always remove them cool sufficiently before attempting to remove 
rings, wrist watch, and any other metal jewelry them. 
that could come in contact with a conductor. A 6. Do not work with power cords that are burned or 
belt buckle may also provide contact, so it should frayed. They present a serious shock hazard. 
be moved to the side or back. 7. Know the location of the nearest fire extinguisher 
4. If the circuit includes a high-voltage electrolytic designed for use on electrical fires, and how to use 
capacitor, remove the charge from the device by it properly. 
shorting it with a screwdriver. A capacitor can 8. When working on high voltage, try not to work 
hold a dangerous charge for hours after the power alone. Make sure the other person knows the 


has been turned off. circuit breaker location. 
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FIGURE 1-6 


The effects on the body of electric currents. 
(Diagram courtesy of Graymark International, Inc., 
irvine, Calif.) 


9. Concentrate on what you are doing, and treat all 
voltages with the proper respect. 


Fortunately, most electronic circuits (those involving 
transistors and integrated circuits) seldom involve voltages 
in excess of 15 V. But when these voltages are obtained 
from a 120-V (or higher) supply, precautions are always 
in order. 


1-11 READING SCALES OF 
MULTIRANGE METERS 


1-11.1 Types of Meters 


Although direct-reading digital meters are now common, 
you are likely to use deflection (or analogue) meters at 
some time. Your first electrical experiments will probably 
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Typical VOM. (Courtesy of Triplett Corporation.) 


involve readings of voltage, amperes, and ohms. These 
may be made on separate instruments (voltmeter, amme- 
ter, or ohmmeter), but can also be made on a single instru- 
ment called a multimeter. 

A typical multimeter has a function switch used to se- 
lect the mode of operation, and a range switch to provide 
a readable deflection for a wide range of measured quan- 
tities. The VOM (volt-ohm-milliammeter) shown in Fig. 1- 
7 combines the function and range switches into a single 
selector. This portable meter can measure ac or dc volt- 
ages, resistance, and dc currents. 

Another common multirange instrument is the elec- 
tronic voltmeter (EVM) or vacuum-tube voltmeter 
(VTVM). Solid-state versions are available, but these volt- 
meters are usually powered from a 120-V outlet. The 
EVMs can measure ac and dc volts and resistance. Some 
solid-state instruments can also measure ac and de current. 
(See Fig. 1-8.) 

A multirange milliammeter that can measure current 
from 1 mA to 1 A is shown in Fig. 1-9. This type of meter 
generally has a lower resistance than is found in the mil- 
liammeter portion of a multimeter. 
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FIGURE 1-8 
Typical electronic voltmeter or VTVM. (Courtesy of 
Heath Company.) 





A digital multimeter, capable of measuring ac and dc 
voltage as well as ac and dc current and ohms, is shown 
in Fig. 1-10. This is a 44-digit meter. This means that it FIGURE 1-9 


-has a five-digit display, with the first digit only able to Typical multirange de milliammeter. (Courtesy of 
indicate a 1 when necessary. Hickok Teaching Systems, Inc., Woburn, Mass.) 





Detailed information on the operation and use of meters 


“S468A DIGITAL MULTIMETE 
_ | HEWLETT+ PACKARD 


MAX 1000V SOOV 





FIGURE 1-10 
A 4¥-digit five-function multimeter. (Courtesy of Hewlett-Packard.) 
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will be presented in later chapters. However, the methods 
used to connect a voltmeter, ammeter, and ohmmeter are 
shown in Fig. 1-11. Note that polarity must be observed 
when connecting a voltmeter or ammeter in a de circuit. 
The ohmmeter can be used to measure resistance only 
if the voltage is first removed from the circuit. 


1-11.2 Reading the Scales 


If you use a multirange ammeter or voltmeter, it is impor- 
tant to know the function of the range switch. That switch 
selects the amount of current or voltage that will cause 
full-scale deflection (FSD) of the meter. When you mea- 
sure an unknown quantity, begin with the highest range 
and reduce to lower ranges step-by-step until you obtain a 
deflection somewhere between mid-scale and full-scale. 
This method will protect the meter from damage and help 
ensure accurate readings. 

Meters do not generally have as many scales on the face 
as there are ranges. Instead, scales are used to read several 
different ranges. This is usually done by multiplying or 
dividing the scale numbers by 10 or 100. To read a mul- 
tirange meter, check the setting of the range switch, then 
determine which scale shows a full-scale deflection value 
that corresponds to the range setting. Read the number off 
the scale at the point where the pointer has come to rest. 

Two examples follow to demonstrate this method. 





EXAMPLE 1-4 


Determine the readings of the multirange milliammeter in 
Fig. 1-12 when the range switch is on: 

a. 50mA 

b. 100 mA 





(a) Connection of voltmeter in parallel with the 
source. The ammeter is in series with the load. 


FIGURE 1-11 
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1 1000 mA 


FIGURE 1-12 
Multirange dc milliammeter scale with range switch 
on 50 mA. 


Solution 


a. With the range switch on 50 mA, the FSD must be 
50 mA. Therefore, use the 0O—5 scale with each num- 
ber multiplied by 10. 
At A: reading is between 10 and 20 = 11.5 mA 
At B: reading is between 20 and 30 = 27 mA 
At C: reading is between 40 and 50 = 43.5 mA 

b. With the range switch on 100 mA, the FSD must be 
100 mA. Therefore, use the O-—1.0 scale with the 
decimal point moved to the right two places. 
At A: reading is between 20 and 40 = 23 mA 
At B: reading is between 40 and 60 = 54 mA 
At C: reading is between 80 and 100 = 87 mA 


NOTE The only direct reading scales are those corresponding 
to ranges of 1, 5, and 25 mA. 


(b) The ohmmeter is connected 
across the component with 
no applied voltage 


Proper methods of connecting voltmeter, ammeter, and ohmmeter to measure 


voltage, current, and resistance. 
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ACe 15 Ve 


eDC 
5 Ve 
1.5 Ve tO) 
Function Range 
FIGURE 1-13 
Multirange ac/dc voltmeter scales with range and 


function switches set to 5-V dc. 





EXAMPLE 1-5 


Determine the readings of the multirange voltmeter in 
Fig. 1-13 for the following settings: 

a. Function: dc; Range: 5 V 

b. Function: ac; Range: 150 V 


Solution 


a. With the range switch on 5 V dc, the FSD must be 5 
V on the ac/dc scale. Therefore, we must use the 0— 
50 scale with each number divided by 10. 
At A: reading is between 0.5 and 1.0 = 0.72 V 
At B: reading is between 2.0 and 2.5 = 2.37 V 
At C: reading is between 4.0 and 4.5 = 4.30 V 

b. With the range switch on 150 V ac, the FSD must be 
150 V on the ac/dc scale. Therefore, we must use 
the 0-15 scale with each number multiplied by 10. 
At A: reading is between 20 and 30 = 23 V 
At B: reading is between 70 and 80 = 75 V 
At C: reading is between 130 and 140 = 136 V 


NOTE The direct reading 1.5-V and 5-V scales may be used 
for ac voltages only. 
en 
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FIGURE 1-14 
Multirange ohmmeter set on x 100 range. 


On an ohmmeter, the scale always has zero at one end 
and infinity at the other. Figure 1-14 shows the type of 
scale normally found on EVMs, with zero on the left and 
infinity on the right. On VOMs the scale is usually re- 
versed, with infinity on the left and zero on the right. In 
both cases, however, the method of reading is the same. 
The value read from the scale is multiplied by the range 
Switch setting (x1, Xx 100, and so on). 





EXAMPLE 1-6 


Determine the readings of the multirange ohmmeter in 
Fig. 1-14 on the following ranges: 


a. x<100 
b. x100k 
Solution 


a. AtA: reading = 1.7 x 100 = 1700 
At B: reading = 7.5 x 100 = 7500 
At C: reading = 35 x 100 = 3.5kO 

b. AtA: reading = 1.7 x 100k = 170 kQ 
At B: reading = 7.5 x 100k = 750 kO 
At C: reading = 35 x 100k = 3.5 MO 





In a digital multimeter, infinity or overrange is usually 
indicated by the display 1. ____. That is, the display 
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is blank except for the first digit and a decimal point. 
Some digital meters may show a flashing or blinking series 
of zeros for infinite resistance or an overrange reading. 
Unlike the analogue meters, the measurement of resis- 
tance does not require the multiplication of the display by 
the range selected. For example, in Fig. 1-10, with the 
function switch on ohms, and the range switch on 10 kQ, 
the displayed number of 19.537 is interpreted as 19.537 
kQ. If the resistance being measured exceeds 19.999 kQ, 
the display will revert to 1. _____., and the next range 
must be selected. Similarly, on the 100-kQ range, a dis- 


SUMMARY 
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play of 58.75 would be read as 58.75 kQ,, with a maxi- 
mum reading possible of 199.99 kQ. 

Other features of digital meters are covered in detail in 
Section 13-8. 

Multirange analogue VOMs and EVMs may have all or 
some combination of the three sets of scales (shown in 
Figs. 1-12, 1-13, and 1-14) included on the face of the 
meter. Great care must be taken to determine which scale 
and set of numbers must be used to correspond with the 
settings of the function and range switches. 


1. The size of numbers that a low-cost calculator can process is limited by the cal- 


culator’s display capability. 


2. Larger numbers can be processed by a scientific calculator that makes use of sci- 
entific notation. This allows the writing of a given number, regardless of size, as 
a number between | and 10 (but not including 10) and multiplied by 10 raised to 


a positive or negative exponent. 


3. For measured data, the least accurate information fed into the calculator when 
multiplying, dividing, or taking roots, determines the accuracy of the result, which 


should be rounded off accordingly. 


4. Conversion of English (customary) units to metric units of the MKS system can 
be done by using the conversion ratios given in Table 1-2. 
5. Prefixes attached to the metric unit name are used to indicate multiples and sub- 


multiples. Table 1-3 lists the prefixes. 


6. An electric circuit consists of interconnected components that form a complete 


path for the flow of electric current. 


7, The four main parts of most electric circuits are the voltage source, load, conduc- 


tors, and a control device. 


8. The three basic passive electrical circuit components are the resistor, the inductor, 
and the capacitor. Symbols for these components are shown in Table 1-4. 
9. A pictorial diagram shows the appearance of the components; a schematic diagram 


uses symbols to represent components. 


10. A small current (only a few milliamperes) passing through the body can be fatal. 
Treat all voltages with respect and always follow safety precautions. 
11. To read an analogue multirange meter correctly, you must zero the meter, identify 


the function, the range, and the appropriate scale. 


12. On a voltmeter or ammeter, the range selector is used to choose the amount of 
voltage or current that will result in full-scale deflection (FSD) of the meter 


pointer. 


13. The resistance reading from the scale of an analogue ohmmeter must be multiplied 
by the range setting to find tae proper value. This is not necessary in a digital 
ohmmeter where a high enough range must be selected to avoid an overrange 


indication. 





SELF-EXAMINATION 


SELF-EXAMINATION 


Answer true or false 
(Answers at back of book) 


1-1. 
1-2. 
1-3. 
1-4. 
1-5. 
1-6. 
1-7. 
1-8. 
1-9. 


1-10. 
1-11. 
1-12. 


1-13. 


1-14. 
1-15. 
1-16. 


1-17. 
1-18. 


The scientific notation for 1215 is 1.215 x 10°. 

The scientific notation for 0.0794 is 7.94 x 107°. 

The standard decimal form for 8.98 x 10° is 898. ____ 

The standard decimal form for 3.64 x 107° is 0.00364, ___ 

The number in question 1 is accurate to four significant figures. 

The number in question 2 is accurate to four significant figures. 

If 0.494 is rounded-off to two significant figures, the result is 0.49. 

If 0.494 is rounded-off to one significant figure, the result is 0.5. 

A conversion ratio may be used to convert a quantity given in the FPS system 
to the MKS system. ——__ 

One millisecond is one millionth of a second. 

A time interval of 27 ws equals 0.027 ms. 

A time interval of 300 ps equals 3 ns. 

A schematic diagram uses pictures of the components, but a pictorial diagram 
uses symbols. 

Symbols are graphic drawings that represent electrical components. 

When a switch is opened in a circuit, the current stops flowing. 

A resistor opposes current whereas an inductor opposes a change of current. 


The unit of resistance is the henry, and for inductance it is the ohm. 
A capacitor opposes change of voltage; its unit of measurement is the farad. 


Only a few milliamperes of current through the body is sufficient to be painful. 


A multimeter may be of the VOM type that can measure voltage, current, and 
resistance. 

An EVM is portable, but a VOM needs a 120-V ac source. —___ 

A range switch in a multirange voltmeter or ammeter selects the quantity re- 
quired to cause full-scale deflection. 

When using an ohmmeter, it is necessary to multiply the ohms scale reading by 
the range setting. 

If, in Fig. 1-12, the range switch is on 1 mA, the current indicated by the 
pointer at position C is 8.7 mA. 

If, in Fig. 1-13, the voltmeter is set to 5 V ac, the voltage indicated by the 
pointer at position C is 4.7 V. 

If, in Fig. 1-14, the ohmmeter range is set to X 1k, the resistance indicated by 
the pointer at position C is 350 kQ,, —___ 

An ammeter is always connected in series with the component whose current it 
is going to measure. 

A voltmeter is always connected in parallel with the component in order to 
measure the voltage across the component. | 
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REVIEW QUESTIONS 


1. What is the largest number that a 10-digit readout calculator can display if it does 
not use scientific notation? | 
2. What are the largest and smallest (nonzero) numbers that a 10-digit readout cal- 
culator can display if it does use scientific notation? 
3. Why is scientific notation useful? 
4. What does it mean when a given calculator display blinks repeatedly or, on an- 
other calculator, decimal points appear after each number? | 
5. What is one way of converting a decimal number to scientific notation on some 
calculators? 
6. What is the rule for rounding off a calculated number? 
7. What are the three systems for measuring physical units? 
8. What conversion factor would you use to convert inches to centimeters? 
9. Why does multiplying a quantity by a conversion ratio not change that quantity? 
10. What do the symbols T, M, m, p, p stand for when used as unit prefixes? 
11. Draw pictorial and schematic diagrams of two electric circuits and indicate the 
four main parts in each. 
12. What is the main difference between dc and ac voltage? 
13. Which passive electrical component has the property of opposing any change of 
current? 
14. What is the main use of a pictorial diagram? 
15. Give at least three differences between a schematic and a pictorial. 
16. Describe how you would ‘‘breadboard’’ a circuit from a schematic diagram and 
how you would check it. 
17. List the important safety precautions in working with electricity. 
18. In using a multirange meter, what range should be used when making a measure- 
ment of an unknown voltage or current? 
19. What precaution must be observed when using an ohmmeter to measure resistance 
in a circuit? 
20. Explain the relation between the ranges on a range switch and the various scales 
on the meter face. 
21. What is the main difference between a VOM and an EVM? 
22. What other difference is there between a VOM and an EVM as far as the resis- 
tance scales are concerned? 
23. Which of the two meters in Question 21 generally measures current? 
24. What does it mean to say that polarity must be observed when dc voltmeters and 
ammeters are used to make voltage and current measurements? 
25. In what way (series or parallel) are voltmeters and ammeters connected in.a cir- 
cuit? 


PROBLEMS 


(Answers to odd-numbered problems at back of book) 
1-1. Convert to scientific notation: 
a. 571,000 
b. 0.0000645 
c. 2306 


PROBLEMS 
1-2. Convert to scientific notation: 
a. 49,960 
b. 0.007825 
c. 1,100,000 
1-3. Round off the numbers in Problem 1-1 to two significant figures. 
1-4. Round off the numbers in Problem 1-2 to three significant figures. 
1-5. Round off the numbers in Problem 1-1 to one significant figure. 
1.6. Round off the numbers in Problem 1-2 to two significant figures. 
1-7. Express the following in standard decimal form: 
a. 4.79 x 10° 
b, 1,135 * 10°” 
c. 9.079 x 10° 
1-8. Express the following in standard decimal form: 
a. 3.57 x 10° 
b. 2.07 x 1077 
c. 8.064 x 10° 
1-9. Carry out the following computations using a calculator, expressing the answers 
in scientific notation and rounded off to show the appropriate significant figures: 
a, (1357 X 10°) * G25. K 107%) _ £:3.X 8.40 
~ 0.45 + 3.39 
» 1357 x 10° e V74+ V23.1 
"+ $95. 10° 
V135T & 10" 5.A2V8.71 
“(7.25 x 103) ' 73.2 — 19.9 


1-10. Repeat Problem 1-9 for the following: 


1-11. 


1-12. 


a. (8.079 x 107) x (3.574 x 107”) 


3.574 x 107! 
8.079 x 10” 


V/3.574 x 10-7 
(8.079 x 10°) 
d. 44.3 x 10% x 10° 


927 x 10°* x 10’ 
10° x 107! 

Using the conversion factors in Table 1-2 (or conversion code on your calculator 
if available), make the following conversions: 
a. 13.5 in. to cm 
b. 2.89 ft tom 
c. 125 mi to km 
d. 8.75 gal to 1 
Repeat Problem 1-11 for the following: 


a. 320z tog 

b. 165 lb,, to kg 

c. 150 lb; toN 

d. 75 hp to kW 

a. Convert 50 mA to A. 
b. Convert 50 mA to pA. 
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Convert 0.15 A to mA. 

Convert 0.15 A to pA. 

Convert 2500 V to kV. 

Convert 0.35 V to mV. 

Convert 465 kV to V. 

Convert 50 mV to V. 

Convert 1200 © to kQ. 

Convert 0.75 Q to mQ. 

Convert 1500 kQ to MQ. 

Convert 5.1 kQ to 0. 

Convert 270 kQ, to MQ. 

Convert 2.2 MQ to kQ. 

Convert 50 ns to ps. 

Convert 50 ns to ws. 

Convert 50,000 pF to F. 

Convert 30 mH to H. 

Convert 1500 pF to pF. 

Convert 213 ps to ns. 

Convert 0.001 F to pF. 

. Convert 0.5 mH to pH. 

Given the pictorial diagram of the one-transistor radio in Fig. 1-15, draw the 
corresponding schematic. Refer to Appendix A for symbols. 
Determine the readings of the multirange milliammeter in Fig. 1-12 when the 
range switch is on: 

a. ImA 

b. 25 mA 

c. 1000 mA 

Repeat Problem 1-23 for the following ranges: 


1-14. 


1-15. 


1-16. 


1-17. 


1-18. 


1-19. 


1-20. 


1-21. 


Cf PP ee sere ee rer ye eS SS 


1-22. 


1-23. 


1-24. 


To antenna 


a. 
b. 
G 


5 mA 
10 mA 
250 mA 





Capacitor 
0.03-uF 
20-V 


p-n-p 
transistor 





Adjustable 


| toggle 
inductor 
(tuning coil) switch 


FIGURE 1-15 
Pictorial of a transistor radio for Problem 1-22. (Courtesy of McGraw-Hill.) 


PROBLEMS 


1-25. 


1-26. 


1-27. 


1-28. 


Determine the readings of the multirange voltmeter in Fig. 1-13 for the follow- 
ing range and function settings: 


a. 1.5 Vac 
b. 1.5 Vdc 
c. 50Vdc 

d. 150 V ac 


Repeat Problem 1-25 for the following range and function settings: 
a. 5 Vac 


b. 15 V dc 

c. 500 V ac 

d. 1500 V dc 

Determine the readings of the multirange ohmmeter in Fig. 1-14 on the follow- 
ing ranges: 

a. X1] 

b. X1k 


What range (and function) settings would you use to make the following mea- 
surements on a multirange multimeter as in Figs. 1-12, 1-13, and 1-14? 

6-V battery 

120-V ac outlet 

A current of 28 mA dc 

3.15 V ac 

10-Q resistor 

8.2-k©) resistor 

4.7-MQ) resistor 


meno se 
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The word electricity is derived from the Greek word e/ektron, 
which means amber. When amber (a natural resin) is rubbed with 
fur, the amber becomes capable of attracting lightweight particles 
such as tiny pieces of paper. This electrification by friction is 
caused by the transfer of electrons from the fur to the amber. 
When this occurs, the two materials are said to be oppositely 
charged—a potential difference exists between the two materials. 
This potential difference has an effect similar to that between the 
two electrodes of a battery. Often referred to mistakenly as a 
“oressure,” this potential difference or electromotive force (emf) 
causes electrons to flow through a metallic conductor connected 
across the electrodes. This flow of electrons is an electric current, 
which can perform such useful functions as producing heat or 
light. In the case of a battery, a chemical action maintains the 
potential difference and thus, the flow of current. 

In this chapter, you will learn about the basic units of electricity, 
including resistance—the opposition to the flow of current. 


COULOMB’S LAW 


2-1 STATIC ELECTRICITY 


Your first experience with static electricity probably took 
place on a dry winter day when you walked across a carpet 
in your rubber-soled shoes, then touched a metal door- 
knob. The spark and mild shock you experienced was a 
result of your body becoming ‘‘electrified.’’ As you 
walked across the room, friction between your rubber- 
soled shoes and the carpeting caused your body to accu- 
mulate excess electrons. This is called static electricity be- 
cause the charges are at rest. When you touched the door- 
knob, a brief flow of current took place and you felt a 
shock. 

In the same way, if amber, ebonite, or a hard rubber 
rod is rubbed with wool or fur, the amber, ebonite, or 
rubber accumulates excess electrons at the expense of the 
wool or fur. Benjamin Franklin, the eighteenth-century 
statesman and scientist, is credited with first referring to 
the rubber rod as negatively charged and the fur as posi- 
tively charged. (Franklin, who did not know about elec- 
trons, speculated that the fur gained some charge and thus 
became positive, while the rubber Jost some charge and 
became negative.) 

The opposite effect takes place when a glass rod is 
rubbed with silk. The glass rod becomes positively 
charged because some electrons have been transferred to 
the silk, making the cloth negative. These effects are 
shown in Fig. 2-1, with positive and negative signs placed 
around the two rods. 

Both rods were originally neutral or uncharged. After 
being rubbed with fur, the rubber rod is said to have a 
surplus of electrons, while the glass rod, after being 
rubbed with silk, is said to have a deficiency of electrons. 

The opposite charges of the two rods can be demon- 
strated by briefly touching them to two lightweight pith 
balls suspended from fine threads. Each ball will become 
charged to the same polarity as the rod it is touched by. 
The effect is shown in Fig. 2-2c. The two balls are at- 





(a) Repulsion produced by rubber 


(6) Repulsion produced by glass 
rod touching both balls i 


rod touching both balls 








(a) Rubber rod rubbed with fur 


FIGURE 2-1 
Two different rods oppositely charged by friction. 


(6) Glass rod rubbed with silk 


tracted to each other because they are oppositely charged. 
If the same rod (rubber or glass) is used to touch both 
balls, they will have like charges and be repelled from 
each other, as shown in Figs. 2-2a and 2-2b. This dem- 
onstrates an important rule of electrical forces: 


Like charges repel; unlike charges attract 


2-2 COULOMB’S LAW 


In 1785, the French physicist Charles Coulomb determined 
how much force of attraction or repulsion is exerted be- 
tween two charged bodies separated by a given distance. 
The force may be calculated by using Coulomb’s law (see 
Fig. 2-3): 


newtons (2-1) 


where: F is the force in newtons (N)* 


*One newton is the force required to give a mass of 1 kg an acceler- 
ation of 1 m/s’. 


FIGURE 2-2 

Pith ball demonstration 
of like charges repelling, 
unlike charges attracting. 





(c) Attraction produced by 
oppositely charged 
pith balls 


FIGURE 2-3 
Quantities and forces involved in Coulomb’s law. 


Q,, Q> are the charges of the two bodies in cou- 
lombs (C) 

r is the separation of the two bodies in meters (m) 

k is a constant, equal to 9 Xx 10? Nm7/C? 

Note that all quantities in the equation must be ex- 
pressed in basic units, regardless of the units in which they 
are given. 

Note also that Eq. 2-1 involves the product of two 
charges. If both are positive or both are negative, F will 
be positive. A positive force means repulsion. If only one 
charge is negative, then F will be negative. A negative 
force must be interpreted as a force of attraction. 

Coulomb’s law is being considered at this time to de- 
termine what units are used to measure charge. You have 
already seen how charge depends upon the accumulation 
(or deficiency) of a number of electrons. Andrew Millikan, 
in experiments carried out during the years 1909-1913, 
determined that the combined charge of 6.24 x 10'* elec- 
trons should be called 1 coulomb (1 C). 

Now it should be clear why Q is used to represent 
charge. A coulomb is a quantity of electrical charge 
equal to the combined charge of 6.24 x 10°* electrons. 
Therefore, 6.24 x 10’ electrons = 1 coulomb, 1 C (of 
charge). 

NOTE A coulomb does not have any mass, since it is not 
a particle but rather a number. It represents a quantity of 
charge. Note also that Q is the /etter symbol for charge, but 
the coulomb, the unit in which charge is measured, is abbre- 
viated C. 


Evidently the charge of one electron (what Millikan ac- 
tually determined) is given by: 


charge of 1 electron 
1 


—_ nae ee = 1.60 x 10’ C 


A coulomb is a rather large quantity of charge. Typical 
electrostatic values obtained in the laboratory seldom ex- 
ceed a few millionths of a coulomb, so the microcoulomb 
(wC) is often used. (See Example 2-1.) 


BASIC ELECTRICAL QUANTITIES 


EXAMPLE 2-1 


Two pith balls, separated by 3 cm, are each charged 
positively with 0.25 wC. 

a. Calculate the force of repulsion in newtons. 

b. Convert the force to pounds. 





Solution 
p= 42122 (4) 
2 
-~9x 10° 
” (+0.25 x 107°C) x (40.25 x 10°C) 
(3 x 10°* m)? 
ee sooNm , 0.0625 x 10°" ef 
ge 9 x 10-4 pr? 
= 0.625 N 


1 lb (see the conversion 
4.45 N_ factors in Table 1-2.) 
+ 0.14 ib (repulsion) 





b. F = 0.625N x 


EXAMPLE 2-2 


Calculate the force of attraction between an electron and 
the positive nucleus of an atom having a charge 29 times 
that of an electron if the distance between them is 1 x 
10°" m: 





Solution 
p= (2 
‘a 
2 
= 6% 10° 


x (—1.6 x 10719 C) x (+29 x 1.6 x 107°C) 
(1 x 107 '° m)? 
—6.68 x 107’ N (attraction) 


2:3 APPLICATIONS OF STATIC 
ELECTRICITY (ELECTROSTATICS) 


A number of modern applications in business and industry 
make use of the attractive force of charged particles for 
oppositely charged surfaces. Three are mentioned here, but 
they are only a few among the many beneficial uses of 
electrostatic forces. 








POTENTIAL DIFFERENCE 


Anyone who has done ordinary spray painting knows 
that a lot of paint remains suspended in the air as a vapor 
cloud and is wasted. Typically, ordinary spray painting is 
only 65% efficient, and requires a good ventilation system 
to clear the air of the suspended paint particles. 

An electrostatic spray gun (Fig. 2-4) is up to 98% ef- 
ficient, so as little as 2% of the paint is lost to the air and 
painting can be done without a face mask. The electro- 
static painting system uses a powder, or resin material, 
that is mixed with the paint and carried to the gun by com- 
pressed air. A high-voltage lead (several thousand volts) at 
the tip of the spray gun imparts a positive charge to the 
particles of powder as they are sprayed. The part to be 
painted is grounded and therefore at a lower potential, and 
attracts the positively charged particles. (In effect, the part 
to be painted is connected to the negative side of the high 
voltage and the spray gun to the positive side.) 

The electrostatic painting technique provides uniform 
paint coverage as thin as 1 mil (0.001 in.) on cold parts 
and up to 20 mil in thickness on preheated parts. The paint 
application is usually followed by heat curing in an oven. 
Electrostatic painting is economically competitive with or- 
dinary liquid spray painting. 

Another application of electrostatics is in air filtration. 
An electrostatic air cleaner can capture microscopic parti- 
cles that would normally pass right through an ordinary air 
filter. The air passes through a series of plates that impart 
a positive charge to the dust and dirt particles it carries. 
The air then passes through a negatively charged filter, 
which attracts and traps the positively charged particles. A 
typical home air cleaning system may involve potential 
differences of about 2 kV. 

A third application is xerography, or electrostatic print- 
ing, widely used for office copiers. 

A plate coated with the light-sensitive element selenium 


Positively charged 
powder particles 


- 
oo 


Part to be 
coated 





High-voltage 


No spray lead 


dust 


FIGURE 2-4 
Electrostatic spray gun. 
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is first given a positive electrostatic charge, then light re- 
flected from the material to be copied is projected onto the 
plate through a lens system. When the light strikes the 
selenium plate, it sensitizes the selenium (makes it more 
conductive) and produces a positively charged hidden im- 
age of the material to be copied. Next, the plate is dusted 
with toner, a negatively charged black powder that is at- 
tracted to the positively charged image. A sheet of paper 
with a negative charge is placed against the plate, and the 
powder image is attracted to it. The image is ‘‘fixed’’ on 
the paper by heat, which melts the powder and produces a 
perfect copy of the original material. 


2:4 POTENTIAL DIFFERENCE 


What would happen to the two oppositely charged rods 
shown in Fig. 2-1 if they were joined together by a con- 
ductive metallic wire? (See Fig. 2-5.) 

In a very short time, the two rods are no longer oppo- 
sitely charged. Since like charges repel and opposite 
charges attract, electrons travel from the location of elec- 
tron surplus (the negatively charged rod) through the me- 
tallic conductor to the location of electron deficiency (the 
positively charged rod). This flow of electric charges is 
called electric current. And the ability (or potential) to 
cause this flow between two differently charged bodies 
is called potential difference. The negatively charged side 
is said to have a negative potential; the positively charged 
side a positive potential. These terms are relative—if there 
are two negatively charged bodies, the Jess negatively 
charged one would be considered to have a positive poten- 
tial with respect to the more negatively charged body. (See 
Fig. 2-6.) 


Compressed air 


and powder yy 
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Negatively charged rod 
(negative potential) 





Metallic 
wire 





Flow of 
electrons 






= Potential = 
difference 


FIGURE 2-5 
Two differently charged bodies establish a potential 
difference that causes electrons to flow between the 
two. Note: the charges actually exist on the surface 
of the rods. 


If the two negatively charged bodies in Fig. 2-6 are 
connected with a copper wire, electrons will flow from left 
to right until equilibrium is established. In other words, 
electrons will flow until there is no longer a potential dif- 
ference. 

Before the wire is attached to the rods, there is a static 
electricity situation: the electric charges are at rest. When 
the rods are connected with the wire, there is a brief cur- 
rent (charge flow) called a discharge current. The current 
will flow only while the electrons are rearranging them- 
selves. 

This discharge current is what you feel when you touch 
the doorknob after walking across a carpet on a dry day. 
(The stinging ‘‘shock’’ sensation is actually caused by the 
concentrated flow of electrons leaving your skin at a 
point.) If the room is dark, you can sometimes see a blue 
spark as the air breaks down and allows the flow of 





= Potential T 
difference 


‘FIGURE 2-6 

Two negatively charged bodies establish a potential 
difference. The rod on the left has more negative 
charges than the one on the right. 
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Positively charged rod 
+ (positive potential) 


charges or current between your skin and the doorknob. 
If you held a key tightly in your hand as you walked 
across the floor, you would see the spark jumping from 
the key to the doorknob, but would not feel the stinging 
sensation. 


2:-4.1 The Volt 


As mentioned in Section 1-7, the potential difference of a 
source is related to the work (W) that the source can do to 
move the charge (Q) around a complete circuit. The basic 
measuring unit of potential difference is the volt (V). 
The potential difference, V, is defined as the ratio of 
the work done to the charge transferred. That is, 
V= = volts (2-2) 
Q 

where: V is the potential difference in volts (V) 

W is the amount of work or energy expended in 

joules (J)* 

Q is the charge in coulombs (C) 

From Eq. 2-2, we may say: 


1 volt = 1 joule/coulomb (1 V = 1 J/C) 


A potential difference of 1 V exists when 1 J of work is 
done moving 1 C of charge between two points. 


*One joule is the work done by a force of 1 N acting through a 
distance of 1 m. 








ATOMIC STRUCTURE 





EXAMPLE 2-3 


Determine the potential difference between two points if 
24 joules of work must be done to move 0.2 C of charge 
between the two points. 


Solution 


ad 
Q 
_ 24s 


~ (02°C 
= 120 J/C = 120 V 


NOTE Vis the letter symbol for potential difference, while V 
is an abbreviation for the basic unit, the volt. 


EXAMPLE 2-4 


Calculate the amount of work done by a 12-V battery that 
causes 50 C of charge to be transported from source to 
load. 


Solution 


(2-2) 


=< 
| 
TS OH|= 
x 


Q 
12V x 50C 
= 600 J/JC x C = 600 J 





2.4.2 Electromotive Force 


A term used to refer to the potential difference of a source 
is electromotive force (emf). This term makes it possible 
to distinguish between the potential difference of a source 
and other potential differences that exist in a circuit (called 
voltage drops). Voltage drops occur due to a flow of cur- 
rent through a component; an emf does not require a flow 
of current to exist. Both emf and voltage drops, however, 
are measured in volts. In fact, when we refer to the voltage 
between two points, we may be referring to either the emf 
or some other potential difference in the circuit. This 
‘‘voltage’’ may be in millivolts (mV), microvolts (wV), or 
kilovolts (kV). 

In this chapter, the concept of potential difference (PD) 
was introduced in terms of electrostatic charges. It should 
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Positive terminal 
or electrode 









Deficiency of 
electrons 


Chemical cell —~x 


Surplus of 
electrons 


Negative terminal 
or electrode 


FIGURE 2-7 
Electric circuit showing how electrons flow from the 
negative terminal to the positive terminal. 


be clearly understood, however, that this PD is equivalent 
to the potential difference produced by a battery. In a bat- 
tery (such as a carbon-zinc flashlight cell that produces 1.5 
V), chemical activity causes one electrode to have a sur- 
plus of electrons, while the other has a deficiency. When 
electrons are made to flow through an external circuit to 
light a lamp, for example, the chemical energy in the cell 
is continuously converted to electrical energy. Thus the 
cell tries to maintain the potential difference and a contin- 
uous flow of current. (See Fig. 2-7.) This continuous flow 
is in contrast to the very brief flow of electrons that occurs 
when electrostatic charges equalize, as described in Sec- 
tion 2-3. 

In Fig. 2-5, of Section 2-3, the material used to con- 
nect the two charged bodies so that a charge could flow 
between them was a metallic wire. Metallic material, 
which readily permits the transfer of charges, is called 
a conductor. If the material used to connect the charged 
bodies in Fig. 2-5 had been nonmetallic (such as a piece 
of string or plastic fishing line), there would have been no 
current or charge flow. Materials which do not readily 
permit the transfer of charges are called nonconduc- 
tors, or insulators. To understand the different electrical 
properties of materials—why some are conductors and oth- 
ers are insulators—it is necessary to consider their atomic 
structure. 


2-5 ATOMIC STRUCTURE 


In 1913, the physicist Niels Bohr proposed that an atom 
consists of a central nucleus surrounded by orbiting elec- 
trons (somewhat like our solar system, with planets orbit- 
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FIGURE 2-8 
Bohr concept of an atom of copper. 


ing around the sun). Although there are more modern the- 
ories, Bohr’s concept of the atom is well suited to 
explaining the electrical properties of materials. 

An atom of copper (Fig. 2-8) has a nucleus consisting 
of 29 positively charged protons and 35 neutrons. The 
neutrons have no charge, so the charge of the whole nu- 
cleus is positive. The amount of the charge of a proton is 
the same as that of an electron (1.6 X 10°‘? C). There- 
fore, there must be 29 negatively charged electrons orbit- 
ing around the nucleus to make a neutral atom of copper. 
This is provided by the electrons filling up “‘shells’’ or 
orbits from the center outward, until there is a total of 29. 
Electrons are allowed to exist at only certain energy levels, 
and each shell is usually filled before another shell can be 
started. As shown in Table 2-1, the charge of a whole 
atom of copper is neutral. 

Table 2-2 shows technical data for the mass and charge 
of the particles making up an atom. 


TABLE 2-1 
Atomic Structure of Copper 





Number of 
a (To3 fe) at 
1st 2 (Filled) 
end 8 (Filled) 
3rd 18 (Filled) 
4th 1 (Could hold 32) 
Total: 29 electrons Negative 
Nucleus: 29 protons Positive 
35 neutrons Neutral 
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TABLE 2-2 
Mass and Charge for Atomic Particles 






Particle Charge, C 





-16x 10 °° 
416 x 10 
0 


911 <x 10 ~ 
167 x 10 7 
167 x 10 7 


Electron 
Proton 
Neutron 






2-5.1 Valence Electrons 


In all atoms of all elements, the outermost electron shell is 
called the valence shell. This shell determines the chemical 
and electrical behavior of the material. In a copper atom, 
at room temperature, the single valence electron in the 
outer shell is very loosely bound to the nucleus, for two 
reasons: 


1. The outer shell is not completely filled (it could hold 
up to 32 electrons). If the outer shell were filled, a 
very stable electron configuration would result. Such 
a configuration tightly binds the electrons together 
and does not permit any one electron to be removed 
easily. 

2. Because it is further away from the nucleus than the 
rest of the electrons, the single electron in the outer 
shell is only weakly bound to the nucleus. 
Coulomb’s law (Section 2-2) states that the force of 
attraction between opposite charges varies inversely 
as the square of the distance between them. 


These valence electrons, readily given up by metallic 
atoms such as those of copper, account for the ability 
of metallic materials to readily conduct current. In a 
material that is an insulator, such as plastic, mica, or 
glass, the valence shells of the atoms are either completely 
filled or almost full. Electrons in the valence shells are not 
readily given up, so these materials do not conduct elec- 
tricity. | 

There are also materials called semiconductors, which 
will allow the conduction of current but do so less readily 
than metallic materials. The semiconductors, such as sili- 
con, have four electrons in their valence shells. Semicon- 
ductors like silicon share the four electrons in their valence 
Shell with four other atoms, in a manner called covalent 
bonding. Each atom then effectively has eight electrons, 
on a shared basis, in its valence shell. This is a stable 
situation, since it means that two subshells within the third 
shell are completely filled. The atoms of semiconductors 
do not readily give up electrons. However, at room tem- 


CURRENT 


perature, some of the electrons do gain enough energy to 
escape from the atoms, accounting for some conductivity. 
For this reason the materials are called ‘‘semiconductors.’’ 


2 FREE ELECTRONS 


The valence electrons that acquire sufficient energy to 
leave their parent atoms are called free electrons. These 
electrons are free to wander from atom to atom, moving 
in a random manner through the material, colliding with 
atoms but not attached to any of them. A copper atom that 
loses its valence electron becomes a positively charged 
ion, since it now has 29 positively charged protons in the 
nucleus, but only 28 negatively charged electrons. 

Copper has approximately 8.5 x 10°° free electrons per 
cubic meter, and thus is an excellent conductor. A piece 
of copper wire, with no emf connected across it, has this 
tremendous number of free electrons randomly moving 
within it. However, the net combined average motion of 
all the electrons to the left or right is zero. When a battery 
is connected across the copper wire, a force acts upon 
these free electrons and begins moving them in a definite 
direction. (See Fig. 2-9.) It is the motion of free elec- 
trons, in a definite overall direction, that constitutes an 
electric current. An electric current is a flow of electrical 
charges. 


2-7 CONDUCTORS AND INSULATORS 


Most metals are good conductors of electricity. The more 
free electrons a material has, the better it will allow elec- 
trical charges to flow through it (conduct electricity). Thus 


Straight line 
paths of 
free electrons 
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atomic lattices 
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(a) No applied emf 
FIGURE 2-9 
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the metal silver, which has approximately 5% more free 
electrons (for the same volume) than annealed copper, is a 
slightly better conductor than copper. Aluminum, how- 
ever, has only 61% of the free electrons that copper has 
available. It is not as good a conductor. 

For the reasons explained in Section 2-5, insulators 
have very few free electrons. A perfect insulator, of 
course, would have no free electrons. In practice, a good 
insulator like the plastic polystyrene, may have as many as 
6 x 10'° free electrons per cubic meter. This is a large 
number, but still is relatively small compared to copper 
(8.5 xX 10° free electrons per cubic meter). Most of the 
free electrons in polystyrene come from impurities in the 
material or moisture it has absorbed. It is these free elec- 
trons that account for the very small leakage currents 
through, or on the surface of, most insulators. 


2-8 CURRENT 


Current is the rate of flow of electrical charges and is mea- 
sured in terms of how much charge flows per second. If 
you think of cars on a busy expressway, the rate of traffic 
flow would be measured in the number of cars passing a 
given point in a given period of time. 

The basic unit used to measure current is the ampere 
(A), which may be defined by this equation: 


1 =2 


: (2-3) 


amperes 
where: J is the current in amperes (A) 

Q is the charge in coulombs (C) 

t is the time in seconds for the charge to flow 
Thus 1 ampere = 1 coulomb/second (1 A = 1 C/s) 






Slightly curved paths 
of free electrons 






(6) With an applied emf 


Schematic representation of a few paths of an electron in copper. 
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EXAMPLE 2-5 


In an electroplating circuit, it is determined that 60 C of 

charge have been transferred at a steady rate in 4 min. 

a. How much current is flowing in the circuit? 

b. At this rate, how many coulombs will be transferred 
in 10 min? 

c. How many electrons does this represent? 





Solution 
:. j=2 (2-3) 
60 C 60 C 
= 60S 7 D406 7 OD OS = 0.25 A 
4min x — 
min 
b. Q = It = 0.25C/s x 10 min x Ss = 150 C 


c. Since the charge of 6.24 x 10'® electrons makes up 
a charge of 1 C, the number of electrons represented 
by 150 C of charge is given by: 

3 electrons 

C 
= 9.36 x 107° electrons 


150 C x 6.24 x 10' 





Note, from Example 2-5b, that 1 coulomb = 1 ampere- 
second (1 C = 1 A-~s). Current is easier to measure than 
charge, so one coulomb (charge of 6.24 x 10'8 electrons) 
is defined as the charge that flows past a given point in a 
circuit in a period of one second, due to a steady current 
of one ampere. 

In many circuits, however, the ampere is too large a 
unit to be used conveniently. Recall from Section 1-6; 

ImA =1x 10-°A = 0.001 A 
1 pA = 1 x 10°°A = 0.000,001 A 





EXAMPLE 2-6 


0.075 Ato mA 
0.35 mA to pA 
2300 mA toA 
0.1 Ato pA 
40 pA to mA 


Convert: a. 


9A 8 
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Solution 
a. 0.075A = 75 x 10 °A = 75 mA 
b. 0.35 mA = 0.35 x 10°7A 
= 350 x 10° x 10 3A 
= 350 x 10 °A = 350 pA 
c. 2300 mA = 2300 x 10° °A 
=23x 10° x 10 °A 
=2.3A 
d. 0.1A = 0.1 x 10°A 
= 0.1 x 10° x 10 °A 
= 0.1 x 10°pA = 1 x 10° pA 
e. 40 pA = 40 x 10 °A 
= 40 x 10°* x 10 3A 
= 40 x 10°? mA 
= 0.04 mA 
Alternatively: 
3 
a. Since 1A = 10° mA, ~ ~ = | 
1 3 
Then 0.075 A = 0,075.4 x 12-m™A 
14 
= 0.075 x 10° mA 
= 75 mA 
10° pA 
. _ 3 = 
b. Since 1 mA = 10° pA, Tak 1 
10° pA 
. = 0, x 
Then 0.35 mA = 0.35.mA ee 
= 0.35 x 10° pA 
= 350 pA 
1A 
c. Since 10° mA = 1A, ome 
Then 2300 mA = 2300 mA x UE 
7 10° mA 
_ 2300A 
10° 
=2.3A 
10° pA 
d. Since 1A = 10° pA, oe 
1A 
10° pA 
Then 0.1 A = 0.14 x 1K 
= 0.1 x 10° pA 
-~1x 10° pA 
1 mA 
. Ss ‘ = A, —= = 
e. Since 10° pA = 1m 10° pA 
1mA 
Then 40 wA = 40 x 
iil AX 708k 
_ 40 mA 
467 





40 x 10°? mA = 0.04 mA 


DRIFT VELOCITY OF CURRENT 


2:9 CONVENTIONAL CURRENT AND 
ELECTRON FLOW 


Current is defined as the rate of charge flow. In a metallic 
conductor, this flow consists entirely of electrons—a flow 
of negative charges. When electrons flow from the neg- 
ative terminal of the source and around the external 
circuit toward the positive terminal, this direction is 
called electron flow. 

In semiconductors, there is another type of current car- 
rier that is a positive charge (called a hole). Holes flow in 
a direction opposite that of electrons. ‘‘Hole current’’ in 
this case is a flow of positive charges. This subject will be 
covered in detail in Chapter 28. 

Early experimenters in electricity were not aware of the 
actual mechanism of current flow. They were aware of its 
effect long before they understood its nature. They rea- 
soned that, like water flowing from a higher level to a 
lower level, current flowed from a point of high potential 
(+) toward a point of lower potential (—). Accordingly, 
the experimenters agreed on a convention for the direc- 
tion of current flow that everyone would use. And the 
letter J (from the French word ‘‘intensité’’) was used to 
designate current, shown flowing from positive to neg- 
ative. This is called conventional current direction. (See 
Fig. 2-10.) It was not until years later that the flow of 
electrons (in metallic conductors, at least) was determined 
to be from negative to positive. This electron flow is usu- 
ally designated by the letter e, as shown in Fig. 2-10. 

It should be noted that when an electric current flows 
through a conductive liquid, it is the result of the move- 
ment of both positive and negative charges. The same 
holds true when current flows through conductive gases or 
plasmas. Electron flow (the flow of negative charges 
alone) is found only in solid metallic conductors. Conse- 


Conventional current flow— 
used for mathematical 
relevance 








Electron flow—corresponds to the 
actual flow of charges in 
solid metallic conductors 


FIGURE 2-10 
Opposite directions of electron flow and 
conventional current flow. 
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quently, there is as much justification for the conventional 
current direction as for the direction of electron flow. 

Engineers, physicists, and other scientists have contin- 
ued to use conventional current flow in developing laws, 
rules, and terminology. This includes symbols for modern 
semiconductors, all of which have arrows pointing in the 
direction of J (conventional current flow) through the de- 
vices, as shown in Fig. 2-11. 

Finally, notation in the SI metric system requires the 
use of conventional current J as an international standard 
for all electronic devices. You will find the conventional 
current direction an advantage when considering the term 
voltage drop and its mathematical meaning in Chapter 5. 


2-10 DRIFT VELOCITY OF CURRENT 


As you read in Section 2-6, free electrons move about ran- 
domly in a metallic conductor with no electromotive force 
(emf) applied. The free electrons move about, colliding 
with atoms at speeds approaching the speed of light, but 
have no overall definite direction. 

When an emf is applied, a steady-state drift speed is 
superimposed upon the random motion of the free elec- 
trons. As a given free electron collides with one positive 
ion after another, it makes a slow but definite progress 
toward a point of more positive potential. The relation be- 
tween the electron drift speed and the current flowing in a 
metallic conductor is given by this equation: 


I = Aenv amperes (2-4) 


where: / is the current in amperes (A) 
A is the conductor’s cross-sectional area in square 
meters (m”) 





L Polarity of voltage to 
make diode conduct 


(a) Diode 
FIGURE 2-11 
Graphic symbols for diode and transistor, showing 
the directions of e, electron flow, and /, 
conventional current. 


(6) Transistor 
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e is the charge of an electron = 1.6 X io Cc 

n is the number of free electrons per cubic meter 
of conductor 

v is the velocity of electron drift in meters per 
second (m/s) 


EXAMPLE 2-7 


A number 14 gauge copper wire, of diameter 0.064 in., 

is carrying a current of 15 A. Given the number of free 

electrons per cubic meter is 8.5 x 10°° for copper, cal- 

culate: 

a. The drift velocity of an individual electron in the con- 
ductor. 

b. The distance in inches an individual electron moves 
in the conductor in 1 min. 





Solution 
a. Diameter = 0.064 in. 
cm 1m 
= 0.064 in. x 2.54— x 
CDG he Be aa om 
= 163 x 10°23 m 
Twa? ot ee 
Area A = “4 4 x (1.63 x 10°~ m) 
= 2.09 x 10° m? 
| = Aenv (2-4) 
Therefore, v = —— 
Aen 


= 15 A(2.09 x 107° m?) x (1.6 
x 10°'9C) x (8.5 x 10° m-*) 
= 5.28 x 10°* m/s 





b. d=wt 
= (5.28 x 10-*) A Wine 
Ss min 
= 3.17 x 10°?m 
_ - 2cm 1 in. 
= 3.17 x 10 “m x 10 554 cm 


= 1.25 in. 





The low charge velocity, as shown in Example 2-7b, 1s 
1.25 in./min, which accounts for the use of the term drift. 
The drift velocity is so slow because of the tremendous 
number of free electrons available in the conductor. A cur- 
rent of 15 A corresponds to 15 C/s, or about 1 xX 10” 
electrons per second. Since there are so many electrons, 
they do not have to move very quickly to transport 15 C 
of charge each second. If a smaller conductor is used, or 
if the conductor is a metal with fewer free electrons (such 
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Free electrons in conductors, 
=e a switch, and filament 








-“_ Same rate of flow of electrons 
— per second everywhere in the 
circuit after switch is closed 


FIGURE 2-12 
A circuit has free electrons distributed throughout 
the circuit even before the switch is closed. 


as aluminum), the drift velocity of the charges will in- 
crease. 

If the charges move so slowly, why does a lamp seem 
to come on immediately when you close a switch to com- 
plete the circuit? 

As you can see in Fig. 2-12, free electrons are distrib- 
uted throughout the circuit (the lamp filament and the 
wires) even before the switch is closed. When you close 
the switch, you complete the circuit, allowing the potential 
of the source (V = W/Q) to do work on all those free 
electrons. A force is exerted on all the electrons and starts 
them moving. Figure 2-13 shows a trough of marbles that 
illustrates the action of the emf on the free electrons. As a 
force is exerted on the left end of the row of marbles, a 
marble at the right end is immediately displaced because 
all the marbles are set in motion. 

The flow of electrons is the same everywhere in the 
circuit shown in Fig. 2-12, so you don’t have to wait for 
an electron to travel all the way from the source to the 
lamp before the lamp lights up (this could take hours). 
Current is not something that squirts out of a battery 
and gets all used up by the time it reaches the other 
terminal. 

The effect of the current starting to move throughout 
the circuit is near the speed of light. This is called the 
impulse or propagation velocity and is almost 3 X 10° 
m/s. 


2-11 RESISTANCE AND 
CONDUCTANCE 


When current flows in an electric circuit, the free electrons 
are involved in constant collisions. They collide with each 
other, and with the bound (captive) electrons of the atoms 
in the conductor. These collisions impede the progress of 
the free electrons, and the effect is called the resistance 
(R) of the circuit. This opposition to the flow of current 


SUMMARY 


Marbles in contact 
with each other 


—" wont NNN NEE 


FIGURE 2-13 
Marble analogy for immediate effect of current. 


Immediate 
displacement 


is measured in the basic unit of ohms, symbolized by the 
Greek letter omega (Q)). 

A circuit is said to have a resistance of 1 ohm when- 
ever a potential difference of 1 volt is applied to the 
circuit and a current of 1 ampere flows: 


LQ=1V/1A 


To describe larger values of resistance, prefixes are 
used with the unit symbol: 


1,000 O = 1 kQ) (1 kilohm) 
1,000,000 1 MQ (1 megohm) 


Thus 470,000 © of resistance can be written as 470 kQ; 
in the same way, 22,000,000 © is written as 22 MQ. 
Small values of resistance may be expressed in milliohms 
(mQ)), but generally the decimal form is sufficient. For 
example, 0.030 2 can be expressed as 30 m@. 

In the next chapter, factors affecting the resistance of 
conductors will be covered in detail. Generally, however, 
resistance increases with conductor length or a smaller 
cross-sectional area. Both these factors increase the possi- 
bility of electron collisions, and thus, opposition to the 
flow of current. 

In some ways, resistance is similar to the friction found 
in a mechanical system. Friction may be undesirable in 
bearings, for example, because of wear and losses that 
could slow down a rotating shaft. In the same way, resis- 
tance in a conductor can be considered detrimental because 
it wastes electrical energy in the form of unwanted heat. 
Good conductors should have a very low resistance to ef- 
ficiently transport energy from source to load. 

On the other hand, the friction in a car’s braking system 
is beneficial—it allows the driver to stop the car. In a sim- 
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ilar manner, resistance can be beneficial in some circuits— 
the heat produced by resistance is used to toast bread, iron 
clothing, and warm up a cold room. Heating elements in 
such appliances are purposely made to have a high resis- 
tance by suitable selection of the material and cross-sec- 
tional area of the material used. 

An insulator, of course, must have a very high (ideally, 
infinite) resistance to oppose the flow of current. 

A term that will be useful as you continue your study 
of electricity is conductance (G). Conductance is the re- 
ciprocal of resistance and is an indication of how well a 
conductor permits the flow of current. 
siemens (2-5) 
where: G is the conductance in siemens (S)* 

R is the resistance in ohms (Q)) 


EXAMPLE 2-8 


a. A circuit has a resistance of 20 Q. What is its con- 





ductance? 
b. What resistance does a condu 
represent? 
Solution 
ae! (2-5) 
a G= R 
, 
- 3007 0.05 S = 50 mS 
, 
R= 
? G 
_ 1 _ 6QO _ 
= Sapte 8 Q = 1MQ 





*Siemens is the SI unit for conductance. It replaces mho and its sym- 
bol (()) for the unit of conductance. 


Static electricity results from the transfer of electrons from one body to another. 


2. A body that is negatively charged has a surplus of electrons; a positively charged 


body has a deficiency of electrons. 
3. Like charges repel; unlike charges attract. 


4. Coulomb’s law states that the force exerted between two charges is proportional 
to the product of the two charges and is inversely proportional to the square of the 


distance separating the two charges. 
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5. A coulomb is the combined electrical charge of 6.24 x 10’* electrons. 

6. Static electricity has many useful applications. Three such applications are the 
electrostatic spray gun, the electrostatic air cleaner, and xerography (electrostatic 
printing). 

7. A potential difference exists between two differently charged bodies; it represents 
the ability to cause a flow of charge between the two bodies. 

8. Potential difference is measured in volts. One volt equals one joule per coulomb. 

9. Bohr’s concept of the atom involves a positively charged nucleus surrounded by 
negatively charged orbiting electrons. In a neutral atom, the 2 porayely and nega- 
tively charged particles are equal in number. 

10. A free electron is the outermost or valence electron, capable of leaving its parent 
atom and moving freely through the material. 

11. Conductors are materials with many free electrons. They readily permit the flow 
of electric charge. 

12. Insulators have few or no free electrons, and do not readily conduct electricity. 

13. Current is the rate of flow of charge, measured in coulombs per second (amperes). 
One ampere equals one coulomb per second. 

14. Ina solid metallic conductor, electrons (identified by the letter e) flow from neg- 
ative to positive. Conventional current direction (identified by the letter J) is con- 
sidered to flow from positive to negative. 

15. Electron drift is the overall movement through a conductor made under the influ- 
ence of an applied emf. Drift velocity is very low, in the order of a few centime- 
ters per minute. 

16. At the instant a circuit is completed, the effect of current moves at almost the 
speed of light because all the electrons start to move at once. This is called the 
propagation velocity. 

17. Resistance is the opposition to current, caused by electron collisions. Resistance 
is measured in ohms (one ohm is equal to one volt per ampere). 

18. Conductors exhibit a very low resistance value; insulators, a high resistance value. 

19. Conductance is the reciprocal of resistance and is measured in siemens. 

SELF-EXAMINATION 


Answer true or false 
(Answers at back of book) 


2-1. 


2-8. 


2-9. 


Friction between two materials causes the transfer of electrons from one material 
to the other. This is called electrification by friction. 

A body is said to be negatively charged if it loses electrons and positively 
charged if it gains electrons. 

Like charges repel; unlike charges attract. 

Coulomb’s law determines how much force of attraction or repulsion occurs 
between two charged bodies. 

The amount of force is directly proportional to the square of the distance and 
inversely proportional to the product of the charges. 

Electrical charge is measured in coulombs. 

Applications of static electricity rely upon particles becoming electrically 
charged and being attracted to oppositely charged surfaces. 

A potential difference exists between two differently charged electrodes. 


It is necessary to have a positively charged body and a negatively charged body 
to produce a potential difference. 


BASIC ELECTRICAL QUANTITIES 


REVIEW QUESTIONS 


2-10. 
2-11. 
2-12. 
2-13. 
2-14. 
2-15. 


2-16. 
2-17. 


2-18. 


2-19. 


2-20. 


2-21. 


2-22. 
2-23. 


2-24. 
2-25. 
2-26. 
2-27. 
2-28. 
2-29. 
2-30. 
2-31. 
2-32. 


2-33. 
2-34. 


Potential difference is a measure of the ability to cause charge to flow between 
two differently charged bodies. 

Potential difference is measured in volts. 

An electromotive force is a source, measured in volts. 

Both emf and voltage drops are measured in volts. 

When a cell discharges, chemical energy is converted to electrical energy as the 
cell tries to maintain the potential difference. 

A material that readily permits the flow of charges is called an insulator. 


The nucleus of every atom is positive. 

There are as many electrons in orbit around the nucleus as there are neutrons in 
the nucleus. 

The outer electron shell is the valence shell of an atom. 

In a copper atom the valence electron is loosely bound to the nucleus. At room 
temperature this electron gains sufficient energy to become a free electron and 
wanders from atom to atom. 

Free electrons have a random thermal motion when no emf is applied to a con- 
ductor. 

Under the influence of an applied emf the free electrons drift toward the negative 
terminal of the emf. 

A conductor has a large number of free electrons. 

Current is the rate of flow of charge, measured in coulombs per second or am- 
peres. 

A current of 0.05 A is equal to 5 mA, —____ 

A current of 1000 A is equal to 1 mA. —__ 

Conventional current is shown as flowing from positive to negative. 

In a solid metallic conductor, current is the flow of electrons from negative to 
positive. 

The arrows in the symbols for solid-state devices indicate the direction of elec- 
tron flow. 

The drift velocity of current in a metallic conductor is very slow because there 
are a tremendous number of free electrons available. 

Propagation velocity refers to the near-instantaneous effect of current when a 
circuit is first completed. 

Resistance in a wire is the opposition to current caused by electron collisions. 


A resistance of 1200 () equals 12 kQ), ___ 
A resistance of 1200 kQ, equals 1.2 MQ. 
A resistance of 50 Q has a conductance of 20 mS. 


REVIEW QUESTIONS 


1. 


a. When two initially neutral bodies, such as rubber and fur, are rubbed to- 
gether, what can you say about the sign and magnitude of the charge on each? 

b. What prevents all the electrons from moving from one body to the other? 

What is the law of electric forces? To what law is this similar? 

What factors determine the size of forces between charged bodies? Would this 

same force exist in a vacuum? 

How many protons are necessary to produce a positive charge of 1 coulomb? 

If opposite charges attract, why don’t the electrons in an atom move toward, and 

come in contact with, the nucleus? 
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6. Describe how static electricity may be used in the manufacture of sandpaper. 

7. What do you understand by the term potential difference? 

8. Explain how it is possible for two electrodes, both positively charged, to have a 

potential difference between them. 

9. Explain the difference between the potential differences set up by two electrostat- 

ically charged rods and the potential difference from a dry cell. 

10. Name five conducting materials and five insulators. 

11. What is a free electron? 

12. How many free electrons would a perfect insulator have? What characteristic 
would a perfect conductor have? 

13. What is covalent bonding? Name a material that has this type of bonding. How 
does this material’s conductance compare with that of copper or an insulator? 

14. How is it possible for free electrons to be moving in different directions in a 
copper wire when there is no emf applied? How does an applied emf change this 
situation? 

15. Is current necessarily the flow of electrons or negative charge? 

16. Why is the term drift appropriate in describing current in a metallic conductor? 

17. What happens to the drift velocity in a series circuit where the cross-sectional area 
of the conductor decreases? Why is the drift velocity low in a metallic conductor? 
Would you expect it to be higher or lower (for a given current) in a semiconductor 
of the same cross-sectional area? Why? 

18. What is one ampere-second? 

19. Distinguish between electron flow and conventional current. Which direction is 
shown on solid-state symbols? Why? 

20. If the drift velocity of current is in the order of only a few centimeters per minute, 
explain how a light comes on immediately after closing a switch to complete the 
circuit. 

21. Describe in your own words what resistance to current is in an electric circuit. 
What factors affect the amount of resistance and why? 

22. Why is it desirable for a conductor to have a low resistance? How would you 
describe the property of an insulator in terms of conductance? 

PROBLEMS 

(Answers to odd-numbered problems at back of book) 

2-1. In an experiment to verify Coulomb’s law two metal spheres, separated by a 
distance of 10 cm, are each charged to 2.5 X 10° C. Calculate: 

a. The force of repulsion in newtons. 
b. The force in pounds. 

2-2. What must the separation between an electron and a proton be if the force of 
attraction between them is to be 1 x 107° N? 

2-3. How many electrons would have to be removed from each of the spheres in 
Problem 2-1 if the spheres were initially neutral? 

2-4. How many electrons would have to be transferred from one sphere to another, 
if they were both initially neutral, so that they would experience an attractive 
force of 1 x 10~° N when they are 1 cm apart? 

2-5. If it takes 30 J of chemical energy to move 20 C of electric charge between the 


positive and negative terminals of a battery, what is the emf between the ter- 
minals? 
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PROBLEMS 


2-6. 


2-7. 


2-18. 


2-19. 


2-20. 


2-21. 


2-22. 


2-23. 


2-24. 


2-25. 
2-26. 
2-27. 


What is the emf of a source that moves 600 mC of charge from source to load 
with the expenditure of 3.6 J of energy? 

If it takes 1 min for the charge in Problem 2-5 to be transported, what is the 
current? 

What is the current in Problem 2-6 if the time required is 10 s? 

In an electroplating system a steady current of 20 A flows for 10 min. What 
quantity of charge flows during this period? 

How much charge is transported by a steady current of 50 mA flowing for 
15 s? 

How much energy does a 12-V battery supply to a load when the load draws a 
current of 4.5 A for 5 min? 

A current of 350 mA causes a PD of 20 V across a resistor. How much energy 
is dissipated in the form of heat in 1 min? 

How long does it take for a source to deliver 50 C of charge to a load if the 
current is 100 mA? 

How long does it take for 1 X 10° electrons to pass by a given point in a circuit 
when the current is 10 mA? 

How many electrons are transferred by a current of 10 wA flowing for 10 s? 
What is the current in a circuit if one electron passes by in 1 ns? 

Convert: 

a. 0.0025 A to mA 

b. 0.075 mA to pA 

c. 5000 mA toA 

Convert: 

a. 15,000 pA to mA 

b. 6500 pA to A 

c. 1300 pA to nA 

A copper wire carries a current of 10 A. Determine the electron drift velocity if 
the wire has a diameter of 


a. 1mm 
b. 2mm 
c. 4mm 


Repeat Problem 2-19 using an aluminum wire with n = 5.2 x 10°* free elec- 
trons per cubic meter of aluminum. 

How far does an individual electron move in 1 min for each of the diameters in 
Problem 2-19? 

How far does an individual electron move in 1 min for each of the diameters in 
Problem 2-20? 

Convert: 

a. 1500 0 tok) 

b. 4700 kQ to MQ 

c. 0.045 0 to mQ 

Convert: 

a. 1000 tok 

b. 1.2 kQ to D 

c. 2.2 MQ to kQ 

Find the conductance of each of the resistances in Problem 2-23. 

Find the conductance of each of the resistances in Problem 2-24. 

Find the resistance represented by the following conductances: 

a. 40 mS 

b. 0.4545 wS 

& ts 
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OHM’S LAW, 
POWER, AND 
RESISTORS 


AD 





The three basic quantities in an electrical circuit are voltage, 
current, and resistance. In this chapter, you will examine Ohm’s 
law, which relates these three variables to each other. By using 
Ohm’s law, you can determine any of the three variables if the 
other two are known. 


Power is the rate of doing work, or consuming energy. Power and 
energy are not the same—tt is important to distinguish between 
them. The amount of electrical energy consumed depends on both 
the power and the length of time the power is being used. 


Resistors are devices that introduce a known amount of opposition 
to current flow (resistance) into a circuit. These devices may be of 
the fixed type or of the variable type. On the body of many 
resistors, color bands are printed to identify the resistance value. 
These bands follow a standard color code. Resistors are available 
in many standard values, depending on the accuracy of their 
nominal values. Various power ratings, based on physical size of 
the device, indicate how much heat can be safely dissipated. 
ae ee ee 





OHM’S LAW 


3-1 CONNECTION OF CIRCUIT 
METERS 


Figure 3-1 shows a circuit with a variable emf that in- 
cludes a resistor whose value can be varied. Meters con- 
nected to this circuit allow you to measure the voltage (a 
voltmeter) and the current flow (an ammeter). If the meters 
used to make such measurements are of the multirange 
type, their ranges should generally be adjusted to give 
readings as close to full scale deflection (FSD) as possible. 
This will help minimize reading errors, and improve ac- 
curacy. 

The voltmeter is polarity-sensitive since it measures a 
dc voltage. The positive lead of the meter must be con- 
nected to the positive terminal of the source, and the neg- 
ative lead to the negative terminal. If the leads are re- 
versed, the meter will read backwards and could be 
damaged. To help in making proper connections, the pos- 
itive lead of the meter is usually colored red and the neg- 
ative lead black. Note that the voltmeter is only temporar- 
ily connected to the circuit—it can be disconnected and 
the circuit will continue to function. For this reason, the 
connections are shown in Fig. 3-1 with arrows, rather 
than dots (which would signify a more permanent connec- 
tion). 

The ammeter, however, forms a part of the circuit. 
The switch should be opened before the meter is inserted 
or removed. Like the voltmeter in this example, the am- 
meter is polarity-sensitive. (Note the polarity signs on the 
meter in Fig. 3-1.) Connected as shown, the meter will 
obtain a positive reading. For both meters, the conven- 
tional current must enter the positive terminal (or, in elec- 
tron flow terms, the electrons must enter the negative ter- 
minal.) 


3-2 OHM’S LAW 


In 1827, the relationship between applied voltage (V), cur- 
rent (1), and resistance (R) was observed by a German 
physicist, Georg Simon Ohm. He found that for a fixed 
value of resistance, a given current will flow when a cer- 
tain voltage is applied. If the voltage is doubled, the cur- 
rent will double; if voltage is tripled, current will triple. 
That is, current is directly proportional to voltage, if 
resistance is kept constant. 

Figure 3-2 shows this relationship graphically. The cur- 
rent (I) is plotted against the voltage (V) for a fixed resis- 
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+ 
Voltmeter Cv) 


~~ 
_——. _ 


FIGURE 3-1 
Circuit showing the use of voltmeter and ammeter 
for the measurement of applied voltage and current. 


tance (R). As shown, a doubling of the voltage, from 10 
V to 20 V causes the current to double from 1 A to 2 A. 
If the voltage increases to 30 V, the current increases to 3 
A, and so on. 

Ohm originally expressed his findings in a form known 
as Ohm’s law (Eq. 3-1): 


a 
ll 
| 


ohms (3-1) 
where: R is the resistance in ohms (()) 

V is the potential difference in volts (V) 

I is the current in amperes (A) 


Many texts use the letter symbol E to represent the emf 
voltage and V for potential differences in the rest of the 
circuit. The SI system, however, uses the symbol V for all 
voltages. The letter E is used to designate electrical field 
intensity. 

Equation 3-1 allows you to calculate the resistance of a 
circuit if you know the voltage and the current. The fol- 
lowing examples illustrate this relationship. 





0 10 20 
FIGURE 3-2 


Ohm’s law in graphical form. 


30 _~—sSC'V,, volts 
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EXAMPLE 3-1 


Calculate the value (amount of resistance) of the resistor 
represented by Fig. 3-2 for voltages of: 


a 10V 
b. 20V 
c. 30V 
Solution 
a. From the graph, when V = 10V,/=1A 
then R=" (3-1) 
10 V 
aac iibinies 
b. When V=20V,/=2A 
V 
= — 3-1 
(3-1) 
20 V 
- —_=100 
2A 
c. When V=30V,/=3A 
R=" (3-1) 
30 V 
oe 
3A 00 





Figure 3-2 is a straight line graph, relating current (J) 
to voltage (V). Example 3-1 shows that it represents a cir- 
cuit with a constant resistance of 10 Q. Put another way, 
the resistance of the circuit is constant if the ratio of volt- 
age to current in the circuit is constant. 





EXAMPLE 3-2 


A heating element of pure resistance draws a current of 

8 A when an emf of 120 V is applied to it. Calculate: 

a. the resistance of the element 

b. how much resistance a different heating element 
should have if the same current is to be drawn when 
a potential difference of 240 V is connected across 
the element 


Solution 


a. From the question, / (current) = 8 A and V (voltage) 
= 120 V: 


R= (3-1) 


OHM’S LAW, POWER, AND RESISTORS 


120 V 
= — = 150 
8A : 
; V 
‘ R=7 (3-1) 
240 V 
= —— = 900 
8A 


Note that, in Example 3-2, you must double the resis- 
tance if the same current is to be drawn with double the 
voltage. 





EXAMPLE 3-3 


What resistance will allow a current of 5 mA to flow when 
a potential difference of 12 V exists across the resistor? 


Solution 


From the question, current/ = 5mA = 5 x 10° A and 
voltage V = 12 V. 

y 
/ 


R = (3-1) 


12V 
5x 107A 
=24x 10° = 2.4k0 


EXAMPLE 3-4 


How much resistance is necessary to limit the current 
flowing through a resistor to 4 »A when the resistor is 
connected across an emf of 40 mV? 


Solution 


From the question, / = 4 uA = 4 x 107° Awhen V = 
40 mV = 40 x 10° V. 
V 
y R= 7 (3-1) 
_ 40 x 10° °V 


~ 4x 10° A 
10 x 10°O = 10 ko 





Note that, in the last two examples, you had to convert 
the given units (mA, wA, mV) to basic units (A and V) to 
obtain the resistance in ohms. 








GRAPHICAL PRESENTATION OF OHM’S LAW 


3-3 GRAPHICAL PRESENTATION OF 
OHM’S LAW 


Ohm’s law represents a linear relationship between 
current and voltage for any constant resistance. This 
simply means that a graph of a change in current plotted 
against a change in voltage will result in a straight line for 
a fixed resistor, as shown in Fig. 3-2 and Example 3-1. If 
graphs of J versus V are plotted for a family of fixed resis- 
tors, they have the appearance of Fig. 3-3. Note that a 
high resistance has a more horizontal slope and a low re- 
sistance has a more vertical slope, but all the graphs shown 
are straight lines, indicating linear or constant resistance. 
If the data for plotting the graphs in Fig. 3-3 are ob- 
tained experimentally (for example, from a circuit such as 
the one in Fig. 3-1), the following points should be noted: 


1. The independent variable (the one that is directly 
varied)—voltage—is the abscissa and is plotted 
horizontally. 

2. The dependent variable (the one that changes 
indirectly)—current—is the ordinate and is plotted 
vertically. 

3. The graphs are drawn as straight lines through the 
best average positions of the plotted data and through 
the origin. To allow for experimental error, as in 
reading of the meters, plotted data on such a graph 
are seldom connected directly (point-to-point). 


When a resistance is not constant, as in the filament of 
a lamp, a graph of J versus V will result in a curved line 
because the resistance is nonlinear. (See Fig. 3-4.) This 
means that the current is not directly proportional to the 


Current, J, amps 


In =0.8A 


ky =O0.6A 





V2 = 120 V 


V, volts 
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0 10 


V, volts 

FIGURE 3-3 

Graphs of / versus V for three different resistors 
showing a low slope for high resistance (low 
conductance) and high slope for low resistance 
(high conductance). 


voltage: it does not double, for example, when voltage 
doubles. In this case, the circuit does not obey Ohm’s law. 
It is possible, however, to apply Ohm’s law to any pair of 
data for J and V and calculate the resistance (R) at those 
points. (See Example 3-5.) 


EXAMPLE 3-5 


Using the graph shown in Fig. 3-4, calculate the resis- 
tance of the lamp filament at points 1 and 2 on the curve. 
Explain why the overall graph does not obey Ohm’s law. 


FIGURE 3-4 


Graph of / versus V for a nonlinear 
incandescent lamp filament. 


Aa 


Solution 


At point 1, R; = 


| 
= 
—k 
~— 


At point 2, R2 = — 


(3-1) 


The curve does not obey Ohm’s law since a doubling of 
voltage from 60 V to 120 V does not result in a corre- 
sponding doubling of current. That is, the resistance is 
not constant—it increases at higher currents due to a 
heating effect. (See Section 4-4.) 


3-4 OTHER FORMS OF OHM’S LAW 


The original statement of Ohm’s law (Eq. 3-1) can be al- 
gebraically transposed and written in these two forms: 


T=2A R=39 T=4A R=32 


Pe LA 


V=6¥ V=12V 


(a) A doubling of voltage causes a 
doubling of current if resistance is 
constant 


rata *— 28 ra14 3-58 


PJ Le 


(6) A doubling of resistance causes 
the current to be cut in half if 
voltage is constant 


FIGURE 3-5 


Illustrating Ohm’s law: / = 


ae 
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i= 
V =IR volts 


(3-1a) 
(3-1b) 


amperes 


aI< 


Equation 3-la implies that the current in a circuit is 
directly proportional to the voltage and inversely propor- 
tional to the resistance. 

This simply means that a higher voltage across a resis- 
tance will cause a higher current to flow. If the circuit 
obeys Ohm’s law (if the resistance is constant), the in- 
crease in current will be in the same proportion as the in- 
crease in voltage, as shown in Fig. 3-5a. But if the resis- 
tance is increased for a given voltage, the current will 
decrease by the same proportion. (See Fig. 3-5D.) 

Equation 3-1a allows you to calculate the current flow- 
ing in a circuit if you know the voltage and the resistance. 

In the same way, Eq. 3-1b can be used to calculate the 
‘‘voltage drop’’ that occurs across a resistor due to the 
current flowing through that resistor. If there is an increase 
in current or resistance (or both), an increased voltage drop 
will occur. The use of Eqs. 3-1a and 3-1b is shown in the 
following examples. 


EXAMPLE 3-6 


A 150-© resistor has an emf of 120 V applied across it. 

a. Calculate how much current flows through the resis- 
tor. 

b. If the resistance is reduced to 50 Q, calculate the 
new emf required to maintain the same current as in 
part (a). 

c. To what value must the resistance be increased if a 
current of 50 mA must flow when the emf is 60 V? 





Solution 
V 
= — 3-1 
a. | . (3-1a) 
120 V 
~ 1500 on 
b. V=IR (3-1b) 
=08A x 500 =40V 
c R= : (3-1) 
_ 60V | 60 V 
~~ 5OmA 50x 10°°A 


1.2 x 10°O = 1.2 ko 


POWER 


EXAMPLE 3-7 


A 2.2-M©. resistor has a current of 6 pA flowing through 

it. 

a. Calculate the potential difference across the resistor. 

b. The resistor is changed until its conductance is 1 x 
10~° S. What is the new current if the potential dif- 
ference is now 12 V? 


Solution 
a. V=I7R (3-1b) 
= 6pA X 2.2 MO 
=~6x 10°A x 2.2 x 10° 0 = 13.2V 
V 
b. [= R (3-1a) 


, 
= Xx —-=VxX 
V a G 
=12Vx1x10°S=12x10°A=12pA 


3-5 LOAD RESISTANCE 


The amount of resistance in the circuit shown in Fig. 3-1 
could be measured by using an ohmmeter. As mentioned 
in Section 1-11, you would first have to open the switch 
or remove the resistor from the circuit, zero the ohmmeter, 
then connect the meter leads across the resistor. (In this 
case, it would not matter which way the leads are con- 
nected across the resistor, since it is not polarity sensitive. ) 
An ohmmeter must never be used in a “‘live’’ circuit 
(one with voltage applied to it). The ohmmeter has its 
own battery, and any external voltage may damage the 
meter and/or the ohmmeter circuitry. 

It is important to realize that the resistor in the circuit 
(Fig. 3-1) can represent an electrical load, such as an in- 
candescent lamp or a heating element. It is also important 
to note that an increase in load represents a decrease in 
resistance. This is really an increase in load current, com- 
monly referred to merely as “‘load.’’ Throughout this text, 
references to an increase in load mean that the current is 
increased. In short, load implies current. 


3-6 WORK AND ENERGY 


Work is done whenever a force is exerted over a distance 
in the direction of the force. For example, you do mechan- 
ical work against gravity whenever you walk up a flight of 
stairs. When you slide a heavy box along the floor, you 
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do work in overcoming friction. Work requires an expen- 
diture of energy. In fact, work and energy can be thought 
of as equivalent; they are measured in the same units. 

In an electrical circuit, work involves moving electrical 
charge (Q) through a potential difference (V). From the 
definition of the volt in Section 2-4 (V = W/Q), work in 
an electrical circuit is calculated using: 


W = VQ joules (3-2) 


where: W is work done or energy expended in joules (J) 
V is the potential difference in volts (V) 


Q is the charge in coulombs (C) 


Since Q = It (Eq. 2-3), the following equa- 
tion can be used to determine the amount of work 
done in a length of time (tf). 


W = VIt joules (3-3) 


where: W is the work done or energy expended in joules 


(J) 

V is the potential difference in volts (V) 
I is the current in amperes (A) 

t is time in seconds (s) 


EXAMPLE 3-8 


An emf of 120 V causes a current of 3 A to flow ina 
circuit. Calculate how much energy is supplied by the 
source in 12 s. 


Solution 


W = Vit (3-3) 


120V x 3A X 12s = 4230 J 


In the SI (MKS) system, the joule is the measuring unit 
used for both electrical and mechanical energy. There is, 
in fact, little difference between electrical and mechanical 
energy. The energy exists in different forms and calcula- 
tions are made with different equations, but the measuring 
units are the same. An alternative unit exists, however, for 
measuring large quantities of electrical energy. It will be 
introduced in Section 3-10. 


3-7 POWER 


Power is the rate at which work is done, or the rate at 
which energy is converted or consumed. Thus, power not 
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only involves how much work is done, but how long it 
takes for the work to be accomplished. 


work done energy 
power = =. 


time taken to do the work _ time 
W 
P=— 
t 


(3-4) 


where, in the MKS system: 
P is power in joules per second (J/s) or watts 
(W) 
W is work or energy in joules (J) 
t is time in seconds (s) 

Note that one joule per second equals 1 watt. (1 J/s 
= 1W) 

In the FPS (foot-pound-second) system, work is mea- 
sured in foot pounds, or ft lb. Thus, power in the FPS 
system uses units of ft lb/s. James Watt, a Scottish engi- 
neer who sought a way to measure the power produced by 
his improved steam engine, decided to call 550 ft Ib/s one 
horsepower (hp). In this measurement, he expressed the 
equivalence between his steam engine and the average 
power that a horse could develop over some interval of 
time. 


1 hp = 550 ft lb/s 


EXAMPLE 3-9 


If the work done by a 160-lb man running up a 20-ft flight 
of stairs in 8 seconds is 3200 ft lb or 4340 J, calculate 
the power he developed in: 





a. watts 
b. hp 
Solution 
a P= (3-4) 
= =a = 542.5 J/s ~ 543 W 
8s 
W 
b. P= ri (3-4) 
=, BEOOTD . A00tibls 
8S 
_ 1 hp _ 
= 400 ft Ib/s x 550 ft lbs > 0.73 hp 


OHM’S LAW, POWER, AND RESISTORS 


Electrical power is the rate at which work is done, 
or the rate at which energy is converted or consumed, 
in an electrical circuit. Thus 
Ww Vx@Q@ 


Pp = — 
t t t 








Therefore, P = VI watts 

where: P is power in watts (W) 
V is potential difference in volts (V) 
I is current in amperes (A) 


(3-5) 


EXAMPLE 3-10 


A lamp operating at 120 V draws a current of 0.5 A. Cal- 

culate: 

a. the amount of power used by the lamp 

b. the rate at which energy is converted into heat and 
light 

c. the amount of energy used by the lamp in one min- 
ute 


Solution 


a. Power used, 
P=VI 
= 120V x 0.5A = 60W 
b. The rate at which energy is converted is power. 
Therefore, 
P= Vi 
= 120 V x 0.5A = 60 Wor 60 J/s 
c. Energy used, 
W = Vit 
= 120 V x 0.5A x 60s = 3600 J 


(3-5) 


(3-5) 


(3-3) 


Thus, every second it is lit, a 60-W lamp uses 60 J of 
energy. Example 3-10 clearly shows how a lamp con- 
sumes energy and that power is the rate of energy con- 
sumption. The lamp consumes 60 W of power (60 J/s of 
energy) all the time it is on, whether for 1/10 second or 
one week. 

In some applications, the watt is a very small unit of 
power. In those applications, the kilowatt is a more con- 
venient unit. 


1 kilowatt = 1kW = 1000 W 





EFFICIENCY 


EXAMPLE 3-11 


a. What maximum power can be delivered from a 120- 
V outlet if it is fed from a 20-A circuit breaker? 

b. What voltage must be applied to a 3.3-kW heating 
element if the current must not exceed 15 A? 

c. What current is drawn by a 40-W lamp operating at 


120 V? 
Solution 
a. P=VI (3-5) 
= 120 V x 20A = 2400 W = 2.4 kW 
P 
b V= 7 
3.3kW 3300 W 
5A 15a 
P 
c. | — Vy 
40 W 
—— . — mA 
EET 0.33 A = 330 


3-8 EFFICIENCY 


To convert energy from one form to another, a machine is 
generally used. One example is an electric motor, which 
takes electrical energy and converts it to mechanical en- 
ergy in the form of a rotating shaft. In the conversion pro- 
cess, some energy is inevitably lost (in the example of the 
motor, part of the loss is in the form of heat due to wind- 
ing resistance). The ratio of the useful output work to the 
total input work is called the efficiency. This is usually 
represented by the Greek letter eta (1). 

Efficiency may also be expressed in terms of useful out- 
put power and total input power. Thus 


P out 


Pin — 


N = 
where: ‘1 is efficiency 
Pout 1s useful output power in watts (W or hp) 
P;, 1s total input power in watts (W or hp) 


Because it is impossible to get more power out of a 
machine than is put into the machine, 7 must be between 
O and 1. 

Efficiency is generally expressed as a percentage by 
multiplying Eq. 3-6 by 100%, as shown in the following 


example. 
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EXAMPLE 3-12 


A dc power supply converts 50 W of ac input power to 
30 W of dc output power. Calculate the conversion effi- 
ciency of this power supply. 


Solution 


9 = ae x 100 % 


in 


(3-6) 


30 W 
50 W 





x 100% = 60% 


The output power of a motor is often expressed in horse- 
power. For problems involving power given in hp, the fol- 
lowing equivalence is useful: 


1 hp = 746 W 


Consider a 1-hp electric motor. If this motor were 
100% efficient, 746 W of electrical input power would de- 
velop 1 hp of mechanical power at the shaft. But in a 
practical motor, more than 746 W of input power is 
needed to develop 1 hp of mechanical power, due to 
losses. The following example will illustrate this point. 





EXAMPLE 3-13 


How much current must be supplied to a 75%-efficient, 
1%-hp motor operating at 120 V? 


Solution 





N= 5 (3-6) 





Therefore, P,,, 





— : = 2hp 


746 W 
Th 





= 1492 W = 1500 W 


(3-5) 








AS 


Notice that the 142-hp motor draws almost 1’ kW from 
the supply. This equivalence of 1 kW per hp is a useful 
rule of thumb for motors of this size, assuming an effi- 
ciency of approximately 75%. 

Example 3-9 showed the calculation of mechanical 
power in both horsepower and watts. In the United States, 
the common practice is to use hp when referring to me- 
chanical power and watts when referring to electrical 
power. But in Europe, it is not unusual to give the power 
rating of a mechanical device, such as a gasoline-engine 
vehicle, in kW. If such a vehicle were rated at 40 kW, the 
conversion 746 W = 1 hp can be used to find the horse- 
power: 


1000 W 


40 kW x 
1 kW 








x = 53.6h 
“we 


3-9 OTHER EQUATIONS FOR 
ELECTRICAL POWER 


When calculating the power dissipated (converted to heat) 
in a resistor, the known quantities may involve the resis- 
tance (R). In such a case, the following two equations are 
useful. They result when V = JR and I = V/R are sepa- 
rately substituted in Eq. 3-5. | 


P=PfR watts 
P=W7/R_ watts 


(3-7) 
(3-8) 


where: P is power dissipated in watts (W) 
R is resistance in ohms (Q2) 
I is current in amperes (A) 


V is potential difference in volts (V) 





EXAMPLE 3-14 


a. The element in an electric toaster has a resistance 
of 10 © and carries a current of 12 A. How much 
power is dissipated in the element? 

b. How much power is dissipated in a 10-kQ resistor 
connected to a 12-V supply? 


Solution 
a. P=FR 
= (12 A)? x 100 
1440 W = 1.44 kW 


(3-7) 
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Vo 
b. P= a 
(12 V)? 
10 x 10°90 
14.4 x 10°°W = 14.4 mW 


(3-8) 


EXAMPLE 3-15 


Calculate: 

a. The maximum current that a 100-©, 2-W resistor can 
handle without overheating. 

b. The resistance of a resistor that dissipates 50 mW of 
power when an emf of 40 V is connected across the 


resistor. 
Solution 
a. P=FR (3-7) 
P 
2 _—_>- — 
Therefore, « = BR 
P 
/ = }/= 
R 
2W 
= 1000 > V0.02 A 
= 0.14A = 140 mA 
\/; 
b. P= R (3-8) 
\/2 
Therefore, R = — 
P 
(40 v)? _ 1600 


+ = x 10° 0 
50 x 10 °W 50 . 


32 x 10° = 32k0 





Note again that all substitutions in Eq. 3-7 and Eq. 3-8 
are made in basic units. 


3:10 COST OF ELECTRICAL ENERGY 


In Section 3-6, you saw how energy could be calculated 
in joules by the use of Eq. 3-3. 


W = VIt joules (3-3) 


And, in Example 3-10, you saw how a 60-W lamp, 
used for just one minute, consumed 3600 J of energy. It 
is obvious that the joule is too small a unit to conveniently 


PRACTICAL RESISTORS 


measure large quantities of energy. The preferred unit of 
electrical energy is the kilowatt-hour. This is obtained by 
recognizing that V/ in Eq. 3-3 is equivalent to power (P). 
Thus 


W = Pt kilowatt-hours (3-9) 


W is work or energy, in kilowatt-hours (kWh) 
P is power in kilowatts (kW) 
t is time in hours (h) 

The kilowatt-hour is the basic unit the utility company 
uses to calculate your monthly electric bill. The watthour 
meter indicates the amount of energy used (in kilowatt- 
hours) during the month or other billing period. The num- 
ber of kilowatt-hours for the period is then multiplied by 
cost per kilowatt-hour established by the utility company. 
Rates vary widely, depending on the method used to gen- 
erate the electricity and other factors. Typical rates in the 
mid-1980s range from 1.6 cents per kilowatt-hour in the 
northwestern United States to 16 cents per kilowatt-hour 
in the northeastern part of the country. 


where: 





EXAMPLE 3-16 


A 250-W lamp is used 4 h a day for 30 days. Calculate: 
a. The amount of energy used by the lamp. 

b. The cost of the energy at 5¢/kWh. 

c. The cost of the energy at 10¢/kWh. 


Solution 
a W =Prt (3-9) 
1 kw h 
= (250 w x | xX te x 30 days 
= 0.25 kW x 120h 
= 30 kWh 
b. Cost = kWh x ¢/kWh 
5¢ 
= x —_—_ = . 
30 kWh kWh $1.50 
10¢ 
c. Cost = 30 kWh x Wh 


= $3.00 


EXAMPLE 3-17 


How much will it cost to run the 14-hp motor in Example 
3-13 for 1h a day, for 30 days, at 5¢/kWh? 
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Solution 
W = Pt | (3-9) 
1 kW h : 
(1492 W x 1000 “) (1 EM 30 days) 
= 44.76 kWh 
_ Se 
Therejore, Cost = 44.76 kWh x kWh > $2.24 





Note that a low-powered device can consume a large 
amount of energy if it is operated for a long period of 
time. 


3-11 PRACTICAL RESISTORS 


So far, resistance has been considered as an inherent prop- 
erty of a circuit, with values over which you have little 
control. But there are some applications in which resis- 
tance is intentionally inserted in a circuit by adding devices 
called resistors. These devices may be used to: 


1. Limit current to a safe value. 

2. Drop voltage to a required value. 

3. Divide voltage to different values from a single 
source. 

4. Discharge energy from a capacitor. 


Resistors are usually described in terms of: 


1. Their electrical resistance (in ohms). 

2. Their ability to dissipate heat (in watts). 

3. Their construction (carbon composition, wire-wound, 
film). 

4. Their functional makeup (fixed or variable). 

5. The percentage tolerance of their nominal resistive 
value. 


3-11.1 Fixed Resistors 


The lowest-cost fixed-value (nonvariable) resistors are of 
the carbon composition type. These resistors are com- 
monly used in electronic circuits where high accuracy is 
not critical. Carbon composition resistors, Fig. 3-6a, con- 
sist of powdered carbon and insulating materials molded 
into the form of a cylinder with axial leads at each end. 
Insulation and mechanical protection are provided by a ba- 
kelite case. 
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i.aned connecting 
leads 







Protective 
insulating sheath 


Molded carbon ~ 
composition resistance 
element 


Color bands to identify 
resistance value 


(a) Construction of a fixed, carbon composition resistor 


———_(\\/\—_ 


(6) Symbol for resistor 


FIGURE 3-6 
Commercial carbon composition resistor with 
symbol. 


Carbon-film or metal-film resistors provide more accu- 
rate resistance values. They are made by depositing a car- 
bon or nickel-chromium alloy spiral film on a ceramic base 
(substrate). Resistors of this type are available in standard 
values up to 22 MQ. (Others are available with values 
from 100 MQ to 1 million MQ.) 


3-11.2 Standard Values and 
Tolerances 


The nominal values available depend upon the tolerance 
of the resistor. The tolerance is a percentage figure that 
indicates how close the actual resistance value should 
come to the nominal (stated) value of the resistor. Standard 
resistance values for commercial resistors are listed in Ap- 
pendix B; a portion of that appendix is reproduced in Table 
3-1. | 
Resistors with 5% or 10% tolerances are available from 
0.22 Q; 1% and 2% tolerance resistors are available from 
2.26 (See Table 3-1). Multiples and submultiples of the 
numbers shown in Table 3-1 and in Appendix B also can 
be obtained. For example, resistors with 5% or 10% tol- 
erances are available with values of 0.22, 2.2, 22, 220, 
2200 ©, and so on. You should note that the resistance 
values for 5%, 10%, and 20% tolerance resistors have only 
two significant figures; 1% and 2% tolerance resistors have 
three significant figures, such as 2.26, 22.6, 226 Q, and 
sO on. 
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TABLE 3-1 

A Portion of Appendix B Showing Standard Resistance 
Values for Commercial and Military Type Resistors 
with Various Tolerances 





+1% +2% +5% +10% + 20% 
182 18 18 

187 187 

191 

196 196 

200 : 20 

205 205 

210 

215 215 

221 22 22 22 
226 226 

232 

237 237 

243 24 

249 249 

255 

261 261 

267 

274 274 27 27 


3-11.3 Standard Color Code 


Colored bands (stripes) around the resistor body show the 
resistance and tolerance. The standard color code for the 
bands is shown in Table 3-2. 

The resistance value and tolerance for 5%, 10%, and 
20% tolerance resistors is shown by the use of four colored 
bands, as shown in Fig. 3-7a. To read the coding, hold 
the resistor so that the bands are at the left end and read 
the sequence from left to right. The first two colors repre- 
sent the first two significant digits of the resistance value. 
(Note that black is not used as the first color band). This 
two-digit number is then multiplied by the factor repre- 
sented by the third colored band. (See Table 3-2.) The 
fourth band indicates the tolerance. 

In some resistors produced to military specifications, a 
fifth band is used. The color of this band indicates the 
failure rate, given as the average number of failures per 
1000 resistors in a standard 1000-h test. A resistor is con- 
sidered a failure when its ohmic value falls outside of its 


PRACTICAL RESISTORS 


TABLE 3-2 
Standard Color Code for Resistors 


First and arelUi ata) 

Second Stripes Third Stripe Stripe 
Color Digit Multiplier We) (=) = 1a ler= 
Black 0 10 = 1 £1% 
Brown 1 10 = 10 + 2%: 
Red 2 10° = 100 — 
Orange 3 10° = 1000 -— 
Yellow 4 10° = 10,000 — 
Green 5 10° = 100,000 — 
Blue 6 10° = 1,000,000 — 
Violet 7 10’ — 
Gray 8 10° — 
White 9 10° — 
Gold — 10 = 01 += 5% 
Silver — 10°" = 0.01 +10% 
No color — — + 20% 


*Tolerance is indicated by the fifth stripe in 1% and 2% tolerance 
resistors, since they have three significant digits and a multiplier. 


tolerance range. For example, if the fifth (or sixth) band is 
violet (7), this means an average failure rate of 7 resistors 
per 1000. Alternatively, the reliability may be expressed 
as 993 per 1000 or 0.993. 


EXAMPLE 3-17 


What are the resistance values of resistors coded as fol- 
lows: 

a. Red, violet, brown, silver. 

b. Brown, black, yellow, none. 
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c. Red, red, gold, gold. 
d. Blue, gray, green, silver. 
Solution 

a. red violet brown silver 

2 7 10' +10%= 2709 + 10% 
b. brown black yellow none 

1 0 10 +20%= 100 kQ + 20% 
c. red red gold gold 

2 2 0.1 +5% = 2.20 + 5% 
d. blue gray green silver 

6 8 10° +10%= 6.8MQ + 10% 





To better understand the tolerance concept, consider the 
270 Q + 10% resistor in the preceding example. The ac- 
tual value of this resistor may be anywhere between 270 
Q, + 27 Q—that is, between 297 Q and 243 QC. If this 
spread is too wide for a critical application, a resistor with 
a smaller tolerance (1%, 2%, 5%) may be specified. The 
smaller tolerance resistors are more expensive, however. 

Figure 3-7b shows the use of five colored bands for 1% 
and 2% tolerance resistors. The colors of the first three 
bands represent the first three significant digits of the re- 
sistance value; the fourth band is the multiplier, and the 
fifth shows the tolerance. 





EXAMPLE 3-18 


What are the resistance values of resistors with the fol- 
lowing codings: 

a. Brown, green, gray, black, black. 

b. Red, brown, green, brown, brown. 

c. Violet, orange, red, yellow, black. 


First significant digit 
Second significant digit 
Multiplier 






Tolerance 





(a) Meaning of colored bands on 
resistor body for 5% and 10% 
tolerance (note orientation) 


First significant digit 








Multiplier 
Tolerance 


(b) Colored bands for 1% and 2% 
tolerance resistors 


Second significant digit 
Third significant digit 


FIGURE 3-7 

Resistor color coding. Note: A 
wide band for the first digit 
indicates a wire-wound resistor. 
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d. Blue, yellow, white, silver, brown. 
e. Gray, red, black, orange, black. 


Solution 
a. browngreen gray black black 
1 5 8 10° +1%= 158 + 1% 
b. red brown green brown brown 


2 1 5 10' + 2%= 2.15kQ + 2% 
c. violet orangered yellow black 

7 3 2 10* 
d. blue yellow white silver brown 

6 4 9 10° + 2%= 6.499 + 2% 
e. gray red black orange black 

8 2 0 10° +1%= 820kQ + 1% 





3-11.4 Power Ratings 


Standard power ratings of the resistors discussed previ- 
ously range from ’% W to 2 W. The power rating of a 
resistor is determined by its physical size (length and di- 
ameter). A 2-W resistor, for example, is larger and has 
more surface area than a 1-W resistor, allowing it to dis- 
sipate more heat. There is no color coding to identify a 
resistor’s power rating; experience will eventually allow 
you to recognize power ratings by the size of the resistor. 
Figure 3-8 shows resistors with various power ratings in 
their actual size. 

Resistors with power ratings greater than 2 W are gen- 
erally of the wire-wound type and are covered with a por- 
celain coating. Resistors of this type, available with power 
ratings in the hundreds of watts, can operate at tempera- 
tures as high as 300°C without damage. Carbon composi- 
tion resistors, with power ratings of 2 W or less, should 


2W 1W 2W 4W 


= 


FIGURE 3-8 
Full-size drawings of resistors of various power 
ratings. 


+1%= 7.32 MQ + 1% 
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operate at temperatures of 85°C or lower, since excessive 
temperatures produce changes in resistance value. High 
temperatures may even cause such resistors to open (lose 
continuity, breaking the circuit). 

Low-powered resistors are also available in packages 
that resemble integrated circuits, as shown in Fig. 3-9. 
These may be of the single in-line package (SIP) or dual 
in-line package (DIP) type. These packages are fabricated 
from thin-film and thick-film metals and are often laser- 
trimmed to very close tolerances. They may contain eight 
fully isolated resistors of equal value (typically from 100 
QM to 100 kQ)), or some resistor network combination. 
They are especially useful where matched resistor pairs 
within +0.005% are required. 

Also available are fixed resistors with a tolerance to + 
0.001%. They consist of a resistive element of metal foil 
mounted on a ceramic substrate. The metal foil is etched 
to the required resistance and hermetically sealed to main- 
tain that tolerance. These resistors are available with val- 
ues from 5 Q to 3.3 MQ, and can dissipate from 0.2 W 
to 2.5 W at maximum working voltages from 250 V to 
600 V. They are used in laboratories for high-precision 
calibration purposes and in aerospace applications. 

For miniaturization projects, thick film chip resistors 
only 3.2 mm long, 1 mm wide, and 0.6 mm thick are 
available. They have resistance values from 10 (2 to 3.3 
MQ, at ’% W dissipation and + 1% tolerance. 


3-11.5 Variable Resistors 


Resistors that allow their resistive value to be changed are 
called variable resistors. They usually have three termi- 
nals, compared to the two terminals (leads) found on fixed- 
value resistors. Strictly speaking, if all three terminals 


a 
1 108A510 8001 


La/ 





FIGURE 3-9 
Resistors in single in-line package (SIP) and dual in- 
line package (DIP). (Courtesy of Allen Bradley Co.) 
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are actively used, the device is a potentiometer, used for 
varying voltage. (This will be explored in Chapter 5.) If 
there are only two active terminals, the device is a var- 
iable resistor or rheostat, used for varying current. Any 
three-terminal potentiometer can be wired as a rheostat. 
However, three-terminal variable resistors designed as 
rheostats have a wiper terminal (see Fig. 3-10a) with a 
large current rating. When designed as a potentiometer, 
the wiper terminal current-rating is typically extremely 
small. Potentiometers are damaged by excessive wiper 
currents when they are used as rheostats. 

Figure 3-10a shows a typical wire-wound variable re- 
sistor. Such resistors allow the varying of resistance values 
from 1 Q to 10 kQ, and are suitable for power ratings 
from 2 to 300 W. They are typically used as rheostats. 
The ends of the resistance wire are connected to terminals 
1 and 3; terminal 2 is connected to a wiper that slides and 
makes contact with the wire to vary the resistance. The 
wiper moves when the shaft is rotated. 


End terminal (3) 








Moving contact 
terminal (2) 


End terminal (1) 


Shaft for 
adjustment 


Moving contact 


Resistance wire (wiper) 


(a) Typical wirewound variable resistor 
(potentiometer) 


(3) 





(d) Potentiometer used as a 
rheostat (only two active 
terminals) 


(c) Potentiometer used as a rheostat 
(no connection to terminal 3) 


FIGURE 3-10 
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Low-power variable resistors, often called “‘controls,’’ 
are of the carbon composition type. They are available in 
power ratings from % W to 2 W, in standard values of 
100, 250, and 500 Q, 1, 2.5, 5, 10, 25, 50, 100, and 500 
kQ, and 1 MQ. They are used primarily as potentiometers, 
as in the volume controls of audio devices, or as occasion- 
ally adjusted variable resistance devices called ‘‘trim- 
mers.’’ Wire-wound types, with slightly higher power rat- 
ings, are also available. 

Precision trimming potentiometers are usually rect- 
angular in shape and have an adjusting screw (rather 
than a shaft turned by finger pressure). They are capable 
of very fine resistance adjustments, since the screw can 
be moved as many as 26 complete turns, allowing vari- 
ation from zero to maximum resistance (in the re- 
gion of 25 kQ)). 

Two methods of wiring a potentiometer as a rheostat 
are shown in Figs. 3-10c and 3-10d. For example, if the 
rheostat is 100 Q, the total resistance from Terminal | to 


(1) 


(2) 





(3) 


(6) Symbol for a potentiometer 
and photograph 


(2) 
(1) 


(2) 


(e) Alternate symbols 
for variable resistor 
or rheostat 


Variable resistors. [Photograph in (b) courtesy of Allen Bradley Co.] 
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(a) Sullivan® five-dial decade resistance 
box, with a value of 1,111.1 0 


FIGURE 3-11 
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(6) Resistance substitution box with 
standard values between 150 
and 10 MQ 


ESTA 
BUBSTITUTION 


490K 47a 
ene 


Adjustable resistors. [Photograph in (a) courtesy of James G. Biddle Co.; 


photograph in (b) courtesy of Heath Co.] 


3 is 100 Q and does not change. (See Fig. 3-10c.) By 
rotating the shaft, Terminal 2 is moved toward Terminal 
1, decreasing the resistance between those terminals to- 
ward zero. The lamp will have maximum current and 
brightness. Rotating the shaft the opposite way will move 
Terminal 2 away from Terminal 1, increasing the resis- 
tance (to a maximum of 100 (2) and reducing the current. 
The light will dim. 

The advantage of the connection shown in Fig. 3-10d 
is that it provides an alternate current path from Terminal 
1 to 3. That is, if a “‘worn spot’’ (high resistance contact) 
should occur between the sliding contact and the resistance 
element, the current flow would not be completely inter- 
rupted as it would in the circuit of Fig. 3-10c. 

A type of variable resistor that is very useful in the 
laboratory is the decade resistance box. (See Fig. 3-11a.) 


SUMMARY 


Some seven-dial decade resistance boxes can produce re- 
sistance values in a range from 1 2 to 10 MQ. The values 
can be obtained in 1-2 steps, often with an accuracy to 
within 0.1%, by using the dials. Each dial controls up to 
10 series-connected resistors, which can be connected in 
series with the other dialed resistors. 

When using a decade box, be careful to avoid exceed- 
ing the current capability of the highest-valued resistance. 
Maximum current values are usually shown on each dial. 

Another method used to obtain different resistance val- 
ues is the resistance substitution box. Figure 3-11b shows 
a substitution box that can provide standard resistance 
values from 15 to 10 MQ, with a tolerance of +10%. 
This device is useful when you are experimenting to 
determine which standard resistor value to use in a 
circuit. 


1. A voltmeter connected across the source indicates the voltage applied to a circuit, 
and an ammeter in series with the load indicates the load current. 

2. Ohm’s law states the relationship between voltage, current, and resistance in a 
circuit; for a fixed resistance, the ratio of potential difference to current is a con- 


stant called the resistance (R = V/J). 


3. The linear relationship between voltage and current for any constant resistance is 








SELF-EXAMINATION 


a statement of Ohm’s law. It can be shown graphically as a straight line graph of 
I plotted against V. 


4. Other forms of Ohm’s law allow the voltage or current to be determined, given 
the other two variables (J = V/R and V = IR). 

5. A resistor symbol in a circuit can represent an electrical load, such as an incan- 
descent lamp or a heating element. A reduction in resistance is an increase in 
load. 

6. Electrical work and energy are measured in joules, using either W = VQ or W = 
Vit for calculations. 

7. Power is the rate at which work is done or energy is converted (P = W/t). 

8. The unit of mechanical power in the FPS system is the foot pound per second or 
the horsepower (550 ft lb/s = 1 hp). In the MKS system, the unit is the joule per 
second or watt (1 J/s = 1 W). 

9. Electrical power may be calculated by using P = VI, P = PR or P = V’/R. The 
basic unit of measurement is the watt (1 kW = 1000 W, 1 hp = 746 W). 

10. Efficiency can be defined as follows: n = Pou/Pin. It is usually expressed as a 
percentage. 

11. The practical unit for measuring large quantities of electrical energy is the kilo- 
watt-hour, using the equation W = Pt. 

12. The cost of electrical energy is the product of the kilowatt-hours used and the cost 
per kilowatt-hour. 

13. Practical resistors are devices that have a known amount of resistance (in certain 
standard values). They can be used to intentionally introduce resistance to a cir- 
cuit. 

14. Resistors may be fixed in value and identified by a standard color banding code. 
(See Table 3-2.) 

15. Variable resistors generally have three terminals. They are known as potentiome- 
ters when used to vary voltage in a circuit, and as rheostats when used to vary 
current in a circuit. 

16. A decade resistance box is a special type of variable resistance that allows almost 
any desired value to be ‘‘dialed’’ to within 0.1% accuracy. 

SELF-EXAMINATION 


Answer true or false, or fill in the correct answer 
(Answers at back of book) 


3-1. 
3-2. 


A voltmeter is connected in parallel, an ammeter in series. 

A voltmeter may be removed from an operating circuit without affecting the 
circuit, an ammeter cannot. 

In a circuit with constant resistance, an increase in voltage results in a propor- 
tional increase in current. 

If applied voltage is held constant, an increase in resistance results in an increase 
in current. 

If the current through a resistor drops, the voltage drop across the resistor be- 
comes smaller. 

A resistor of 2.2 MO. represents a load that is 1000 times larger than a 2.2-kO 
load. ——___. 

Work and energy are essentially the same thing. 
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3-8. 
3-9. 


3-10. 
3-11. 
3-12. 
3-13. 
3-14. 
3-15. 
3-16. 
3-17. 
3-18. 
3-19. 
3-20. 
3-21. 
3-22. 
3-23. 
3-24. 
3-25. 
3-26. 
3-27. 


3-28. 
3-29. 


3-30. 
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Power and energy are essentially the same thing. 

Mechanical and electrical work are measured in the same units in the MKS 
system. 

Efficiency is the ratio of input work or power to useful output work or power. 


Both mechanical and electrical power involve the rate of doing work or con- 
verting energy. —____ 
Mechanical and electrical power are both measured in watts in the MKS system. 


A 100% efficient 2-hp motor would require 1492 W of electrical input power. 


Where current flows through a resistor the power dissipated in the resistor de- 
pends upon the square of the current. 

If the voltage applied to a constant resistance doubles, the power dissipated in 
the resistance also doubles. 

Electrical energy may be measured in joules or kilowatt-hours. 

If 500 kWh of energy are used, the total cost at 5¢/kWh is $250. ___ 

The resistance of a red, yellow, and green resistor is 2.4 MQ. 

The color stripes for a 100-© resistor are brown, black, black. 

A rheostat is a two-terminal device that varies resistance and current. 

A 120-V appliance that draws 12 A has a resistance of 

A 220-V oven with a resistance of 11 Q draws a current of 

A 5-mA current through a 10-k) resistor causes a voltage drop of 

A 120-V, 360-W television receiver draws a current of 

A 6.6-kW oven that requires a current of 30 A must operate at a voltage 
or —_____... 

A 10-0, resistor with 2 A of current through it must be able to dissipate a power 
| en 

If a 220-V source must deliver 2.2 kW to a heating element, the resistance of 
the element must be 

A 200-W lamp used for 6 h consumes an energy of ____. 

If energy costs 20¢/kWh, the cost of running a 100-W lamp for 10h/day for 10 
days is ____. 

A 470-kQ, +5% resistor, has color stripes of 


REVIEW QUESTIONS 


State Ohm’s law in your own words. 

Draw a graph of J versus V for a 2-kQ, resistor when the voltage is varied in 2-V 
steps from 0 to 10 V. Find the slope of this graph (rise/run) using the units on the 
axes. How is this number representing the slope related to 2 kQ? 

On the graph drawn in Question 2 draw a second graph for a 4-kQ, resistor. Does 
it have a larger or smaller slope than that for the 2-kQ,? Explain why the current 
through a 3-k) resistor at 10 V is not given by a point on the above graph located 
midway between the 2- and 4-kQ lines at 10 V. Hint: Draw a graph of J versus 
R for a constant voltage of 10 V with R varying from 0 to 5 kQ. 

Explain why a decrease in load resistance should be considered an increase in 
load. 


PROBLEMS 
5. Explain the difference between work and power. 
6. Explain how efficiency can be given in terms of work or power ratios. 
7. Which is a larger unit of power, the horsepower or the kilowatt? 
8. Explain how the power used by a 100-W lamp is the same no matter whether the 


lamp is lit for a second, a minute, or an hour; but the energy used is different. 


9. Under what conditions would a 100-W lamp use more energy than a 1500-W 
toaster? 

10. Which is the larger unit of energy, the joule or the watt-hour? 

11. What is meant by the nominal value of a resistor? 

12. Explain why brown, black, black does not represent a 100-Q,, 5% resistor. How 
many bands would be necessary to represent a 1-million-ohm resistor if a colored 
band were used for each digit? What is the largest theoretical value of resistance 
the standard color code can represent? What is the smallest? 

13. Explain how a three-terminal potentiometer can be wired as a rheostat with two 
active terminals. What is the advantage of connecting the center terminal to one 
of the end terminals? 

14. What maximum value of resistance can be dialed by a five-dial decade resistance 
box, whose smallest increments are one tenth of an ohm? Which resistance will 
determine the current capability of such a value? 

PROBLEMS 

(Answers to odd-numbered problems at back of book) 

3-1. What is the resistance of a circuit that draws 1.5 A from a 220-V source of 
emf? 

3-2. What resistance will limit the current in a circuit to 3.75 A when connected to 
a 120-V source? 

3-3. A voltmeter across a resistor indicates 15 V when an ammeter in series with the 
resistor indicates 2.5 mA. What is the resistance of the resistor? 

3-4. What resistance will allow 25 wA of current when connected across 40 mV? 

3-5. A voltmeter connected across a precision 1-kQ, resistor indicates 2.2 V. What is 
the current through the resistor? 

3-6. How much current will flow through a 2.4-MO. resistor when it is connected 
across a 1.5-V cell? 

3-7. What voltage drop occurs across a 680-0. resistor that has a current of 450 mA 
through it? 

3-8. What voltage must be applied to a 470-kQ. resistor to obtain a current of 150 
A? 

3-9. If the surface resistance of an insulator is 1000 MQ, what is the current that 
flows on the surface when an emf of 500 kV is connected? 

3-10. Ifa fault on a 220-kV line consists of a 10-Q) path to ground, how much current 

initially flows? | 

3-11. A typical lightning flash consists of 25,000 amperes of current due to a potential 

difference of 30 MV. What is the average resistance of the ionized air during a 
lightning flash? 

3-12. The resistance of a dc relay coil is 10 kQ and requires a current of 12 mA for 


its operation. What potential difference is necessary across the coil to make the 
relay operate? 
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3-13. An electric heating element operating at 120 V draws 10 A to boil a kettle of 
water in 5 min. Calculate how much electrical energy is supplied during this 


time: 
a. in joules 
b. in kWh 


3-14. An electric clothes dryer operating at 220 V draws 15 A to dry a load of clothes 
in half an hour. Calculate how much electrical energy is supplied: 
a. in joules 
b. in kWh 
3-15. If the water in the kettle in Problem 3-13 absorbs 300,000 J of energy in the 
form of heat, determine the efficiency of the kettle. 
3-16. If the efficiency of the dryer is 60%, how much energy in the form of heat is 
absorbed by the clothes in Problem 3-14? 
3-17. Calculate the cost of operating the kettle in Problem 3-13 if energy costs 
10¢/kWh. 
3-18. Calculate the cost of operating the clothes dryer in Problem 3-14 if energy costs 
10¢/kWh. 
3-19. a. How many joules of energy are equivalent to 1 kWh of energy? 
b. What is 1 J equal to in kWh? 
3-20. The annual energy use of the world is 0.3 million billion megajoules (MJ). 
a. Express this quantity in kWh. 
b. If the total content of proved fossil fuel reserves (oil, coal, and gas) is 25 
million billion MJ, how long will this last at the present rate of consumption? 
3-21. A steam iron operates at 120 V and draws 12 A. Calculate its power rating in 
a. kW 
b. hp 
3-22. What current is drawn from a 220-V source by a 6-kW heating element? 
3-23. At what voltage must a 55-W soldering iron operate if it uses 0.47 A? 
3-24. A 220-V motor drawing 12 A develops 3 hp. What is its efficiency? 
3-25. What current must be supplied to an 85%-efficient 25-hp motor operating at 550 
V? 
3-26. Which motor costs more to run, a 60%-efficient 142-hp motor or an 80%-effi- 
cient 2-hp motor? 
3-27. What is the maximum current that a 10-kQ, '4-W resistor can handle without 
overheating? 
3-28. What is the maximum current that a 2.2-MQ, '4-W resistor can handle without 
overheating? 
3-29. What maximum voltage can safely be connected across a 680-Q, 1-W resistor? 
3-30. What maximum voltage can safely be connected across a 10-Q,, 2-W resistor? 
3-31. What must be the nearest standard power rating of a 470-Q resistor that has a 
current of 50 mA flowing through it? 
3-32. What is the minimum power rating of a 5.6-kQ resistor that has a voltage drop 
of 50 V across it? 
3-33. What are the resistance values and tolerances of resistors coded as follows: 
a. Orange, c. Red, red, green 
orange, orange 
silver 
b. Green, brown, d. Blue, gray, 
brown, gold gold, gold 
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e. Brown, black, g. Orange, black, brown, 
black, silver brown, brown 

f. Brown, red, yellow, h. Green, red, orange, 
black, black orange, black 

3-34. What are the resistance values and tolerances of resistors coded as follows: 

a. Gray, black, blue, e. Green, blue, 
silver, black silver, gold 

b. White, green, f. Yellow, violet, 
orange, blue, brown red, gold 

c. Red, yellow, white, g. Violet, green, 
gold, black brown, gold 

d. Yellow, red, red, h. Orange, white, 
silver, brown green, silver 


3-35. What are the color bands for the following resistors: 
a. 11kQ, +5% e. 270kQ, +5% 
b. 8200, +10% f. 1960, +2% 
c. 15 MQ, +20% g. 5.110, 1% 
d. 30, +5% h. 8.25MQO, +2% 
3-36. What are the color bands for the following resistors: 
a. 10.70, +1% e. 2.610, +2% 
b. 205 kO, +2% f. 160, +5% 
c. 3.92 MQ, +1% g. 4.7MQ, +10% 
d. 1.13 kO, +1% h. 560, +10% 
3-37. Select the nearest standard value of 10% resistor for the following: 


a. 16kQO, 
b. 290 kO 
c. 5.9 MQ 


3-38. Repeat Problem 3-37 using 5% resistors. 
3-39. Select the nearest standard value of 2% resistor for the following: 


a. 238 kO 
b. 3720 
c 6.70 


3-40. Repeat Problem 3-39 using 1% resistors. 
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Good conductors are those materials whose atomic electronic 
structures readily provide free electrons. This ability to provide free 
electrons is more easily identified by knowing a property called the 
material's resistivity. The smaller the resistivity value, the better 
the material is as a conductor. When resistivity is combined with 
the factors of length and cross-sectional area, the result is an 
equation that allows you to determine the resistance of any 
conductor at a specific temperature of 20°C. At any other 
temperature, a correction is applied. This correction requires the 
defining of the material’s temperature coefficient of resistance. 


In this chapter, you will also consider linear resistors—those that 
obey the proportional relationship of V to / in Ohm’s law—and 
nonlinear resistors, such as thermistors. Nonlinear resistors will be 
examined in some of their current-surge limiting applications. 


FACTORS AFFECTING RESISTANCE 


4-1 FACTORS AFFECTING 
RESISTANCE 


As you learned in Chapter 2, resistance to current is 
caused by the collisions of free electrons within the con- 
ductive material. Anything that increases the number of 
such collisions obviously will contribute to an increase in 
resistance. Figure 4-1 and Eq. 4-1 show the factors that 
determine the resistance of a conductor at a given temper- 
ature. 

ohms (4-1) 
R is the resistance of the material in ohms (Q) 

/ is the length of the material in meters (m) 

A is the cross-sectional area of the material in 
square meters (m7) 

p is the resistivity (specific resistance) of the ma- 
terial in ohm meters ((1-m) at a specified temper- 
ature 


where: 


Equation 4-1 implies: 


1. Resistance is directly proportional to length (more 
collisions occur in a longer wire). 

2. Resistance is inversely proportional to cross-sectional 
area (a smaller cross-section increases the current 
density and the number of collisions that will occur). 

3. Resistance depends on the type of material, as 
indicated by the specific resistance or resistivity, 
designated by the Greek letter rho (p). 


Table 4-1 lists the resistivities at room temperature for 
some common conductors, semiconductors, and insulators. 
These numbers actually give the resistance of a specific 
volume of material (“‘specific resistance’’ is another name 
for resistivity). For example, p for copper = 1.72 x 10°° 
ohm meter (2 - m) at 20°C. This means that a piece of 
copper 1 m long with a cross-sectional area of 1 m” has a 


per 









Material with 
resistivity, p 


Cross-sectional 
area, A 


FIGURE 4-1 . 
Factors that determine the resistance of a material 
at a given temperature. 
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TABLE 4-1 
Resistivities at Room Temperature, 20°C 





Substance 






Conductors 





Silver 1.47-x 10 ° 
Copper 1.72 x 10 © 

Metals 2 Gold 2.45 =x 10° 
Aluminum 2:63 x 10°° 
Tungsten 5.51 < 10 = 
Nickel 738 < 10°" 
Manganin 44 x 10° 

Alloys } Constantan 49 =x 10-2 
Nichrome 100° =x 10° 

Semiconductors 

Carbon 35 x< 10° 

Pure Germanium 0.60 
Silicon 2300 

Insulators 

Wood 10° — 10'' 
Paper 107 
Nylon 8 x 10° 
Lucite 10° 
Glass 10° — 10” 
Rubber 10° — 10"* 
Amber 5 x 10'* 
Mica 10°° — 10° 
Sulfur 10'~ 
Teflon 10° 
Porcelain 10° 
Polystyrene 101° 
Quartz (fused) 75 x 10'° 


resistance of 1.72 x 107° Q. Note in Example 4-1 how 
the units for resistivity (in Q - m) give the correct unit for 
resistance in Eq. 4-1. 


tao iris tglslg en inesiainaieneeeenccapiala detent sce adeiaeedee ec ennoa 
EXAMPLE 4-1 


The type of copper wire used for house wiring has a di- 

ameter of approximately 2 mm. 

a. What resistance will a 100-m-long reel of copper 
wire have at room temperature? 

b. What is the resistance if the wire has the same di- 
mensions but is made of aluminum? 
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Solution 
2 
a. AreaA = wis 
4 
= a x (2 x 1073 m)? = 3.14 x 107° m? 
Ro (4-1) 


A 
1.72 x 10°°O-m x 100m 
7 3.14 x 107° m? tam 
b. For aluminum, p = 2.63 x 10~° © - m. Therefore, 
R = Ro, 
Pcu 
2.63 x 10 °Q-m 


1.72 x 10 °Q-m 


0.55 0 Xx = 0.84 0 


NOTE In the solution of Example 4-1b, it is not necessary to 
resubstitute for J and A in solving the problem. Since the only 
factor that changed is p, and the new value of p for aluminum is 
higher than copper, the resistance of copper is multiplied by an 
increased ratio of resistivity. 


EXAMPLE 4-2 


A 100-W incandescent lamp uses a tungsten filament 
that is approximately 3 cm long. If its cold (20°C) resis- 
tance is 10 ©, what is its diameter? (Ptungsten = 9-9 X 
10°? 0: m.) 


Solution 


ol 


Therefore, A 


55x10°Q:-mx3x10°?m 


100 
= 4.65 x 10°" m 
ad" 
a= 4 


Therefore, d 


4A 

T 
_ (4 x 1.65 x 10° mr 
7 7 


— 1.45 x 10°°m = 0.0145 mm 


NOTE In both Examples 4-1 and 4-2, regardless of the units in 
which the information is given, it is first necessary to convert 
these units to basic units before substitution in the appropriate 


equation. 


TD 
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4-2 WIRE GAUGE TABLE 


To avoid the need for calculating resistance (using Eq. 4- 
1) each time for a given length and diameter of copper 
wire, tables have been worked out for standard wire sizes. 
An example is the table in Appendix C. It is based on a 
system called the American Wire Gauge (AWG) or Brown 
and Sharpe (B&S) gauge. Although metric equivalents are 
also given in the table, the AWG system is still widely 
used in the United States. This system is actually based on 
measuring the cross-sectional area of conductors in units 
called circular mils. 


CM area = (diameter in mils)” (4-2) 


CM is a measure of the area in circular mils 
1 mil = 0.001 in. 

Thus, a 0.030-in. diameter wire has a diameter of 30 
mils and a circular mil area of 30° or 900 CM. 

Appendix C shows the largest size of wire to be gauge 
No. 0000. Wires larger than this are indicated by their 
cross-sectional areas given in thousands of circular mils. 
Thus a wire that has a cross-sectional area of 250,000 CM 
is referred to as having a gauge of 250 MCM, where M 
represents 1000. 

It can be shown that a decrease in gauge number by 3 
(from 14 to 11, for example) approximately doubles the 
area. Each decrease by a single gauge number increases 
the area by a factor of approximately 1.26. 

The larger the diameter of the wire, the smaller the 
gauge numbers. 

Residential wiring varies from No. 12 or No. 14 for 
lighting circuits (20 A to 15 A) to No. 8 for electric stoves 
and other heavy loads. An electronic circuit may use wire 
as fine as No. 22 gauge, capable of carrying about 1 A. 


where: 


i 


EXAMPLE 4-3 


a. Use Appendix C to calculate the circular mil area ofa 
No. 14 gauge wire 

b. Calculate the resistance of 150 ft of No. 14 gauge 
wire using Appendix C 

c. Calculate the approximate resistance of 150 ft of No. 
8 gauge wire, without using Appendix C 


Solution 


a. From Appendix C, the diameter of No. 14 gauge wire 
is 64.1 mils (0.0641 in.) 
CM area = (diam. in mils)* (4-2) 
= 64.17 = 4109 CM 


INSULATORS AND SEMICONDUCTORS 


b. From C, resistance of No. 14 gauge wire is 2.52 





(/1000 ft. 
Resistance = (/1000 ft x length in feet 
2.52 
= T000 ft x 150 ft 
2.52 x 150 0 
= ——_———__ = 0.378 
1000 acid 


c. No. 8 gauge represents a decrease of six gauge 
numbers from No. 14. Since three gauge numbers 
cause an increase in cross-sectional area by a factor 
of 2, a change of six gauge numbers will result in 
four times the area. This will cause the resistance to 
decrease to one-fourth the value of No. 14 gauge: 

Resistance of No. 14 


4 
= — — 0.095 


Resistance of No. 8 gauge 


INSULATORS AND 
SEMICONDUCTORS 


4-3 


As shown in Table 4-1, insulators have very high resistiv- 
ity values. Insulators such as rubber, plastic, or paper are 
used to coat or cover conductors to prevent unwanted con- 
tact (a short) with other wires or a metal chassis. How- 
ever, if a high enough voltage is connected across it, an 
insulator can break down and conduct current. Under these 
conditions, an extremely powerful force acts upon the va- 
lence electrons to break their bonds and rupture the insu- 
lator. The resulting current that flows is usually accompa- 
nied by a large amount of heat. In the case of solid 
insulators, this leads to their destruction. 

Air is a fairly poor insulator compared to mica, for ex- 
ample. An air gap 1 mm wide will break down with only 
4000 V across it, while a mica insulator 1 mm thick can 
withstand up to 100,000 V before breaking down. Average 
breakdown voltages for some typical insulating materials 
are listed in Table 4-2. Typical household wiring is insu- 
lated for 600 V, but some electronic and power circuits 
must be capable of withstanding many thousands of volts 
without breaking down. 

The relationship between an insulator’s thickness and 


the voltage it can withstand is given by Eq. 4-3. 
Voltage = Breakdown Voltage <x Thickness (4-3) 


A consistent set of units is used, as shown in Exam- 
ple 4-4. 
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TABLE 4-2 
Average Breakdown Voltages for Typical Insulators 


Breakdown Voltage 





Material (kV/mm) 

Air 4 
Porcelain 8 
Transformer oil 16 
Plastic 16 
Paper 20 
-Rubber 28 
Glass 28 
Teflon 60 
Mica 100 





EXAMPLE 4-4 


a. If the thickness of an average sheet of paper is 0.01 
cm, what potential difference will “puncture” the sheet 
of paper? 

b. What is the minimum thickness necessary for the 
plastic coating around a piece of copper wire if the 
wire must be able to carry 600 V without the insulation 
breaking down? 

c. What material should be used to insulate two metal 
plates having a potential difference of 250 kV, if the 
plates are 0.5 cm apart? Use a safety factor of 2 
(twice the minimum breakdown voltage required). 


Solution 


a. Voltage = Breakdown Voltage x Thickness (4-3) 
From Table 4-2, breakdown voltage for paper is 20 





kV/mm. 
Voltage = 20 = x 0.01 cm x AU 
mm m 
= 2kV = 2000 V 
b. Thickness = valage 


~ Breakdown Voltage 
From Table 4-2, breakdown voltage for plastic is 16 
kV/mm. 
600 Vy 600 V 
16 kV/mm 16 x 10° V/imm 
37.5 x 10°? mm 
= 0.0375 mm 
c. Fora safety factor of 2, the material should be able 
to withstand 2 x 250 kV = 500 kV. 


Thickness 
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Voltage 
Thickness 
500 x 10° V 
0.5cm x 10 mm/cm 
100 x 10° V/mm 
= 100 kV/mm 
From Table 4-2, the required material is mica. 


Breakdown Voltage = 





The resistivity of silicon is appreciably higher (in its 
pure state) than all good conductors, but very much less 
than the resistivity of insulators. Thus silicon is known as 
a semiconductor. When used in solid-state devices, silicon 
is modified or doped by adding other materials that in- 
crease its conductivity at least a thousand times. It is the 
way in which doping changes the conductivity of silicon 
that makes this material so important in the manufacture 
of such semiconductor devices as diodes and transistors. 


4-4 TEMPERATURE COEFFICIENT OF 
RESISTANCE 


For most metals, an increase in temperature will increase 
the resistance of the conductor in a fairly linear manner 
over a range of a few hundred degrees Celsius (°C). This 
increased resistance is due to the increase in molecular ac- 
tivity, and thus, the number of collisions of free electrons, 
as a result of heat imparted to the metal. The higher tem- 
perature raises the electron energy of the electrons in the 
valence and conduction shells of the atoms. The more pro- 
nounced vibrations caused by this thermal agitation in- 
creases the chances of collisions with the free electrons 
that are trying to move through the material. 

Figure 4-2 shows a typical variation of resistance with 
temperature for a metal conductor. As shown, the graph 
becomes nonlinear at very high and very low tempera- 
tures, approaching zero resistance at —273°C (absolute 
zero). Some special alloys exhibit a property called super- 
conductivity, in which their resistance abruptly drops to 
zero at temperatures within a range of 0.1 and 20°C of 
absolute zero. Once a current is established in a supercon- 
ducting circuit, it will continue almost indefinitely without 
the need for an emf (electromotive force). 

Equation 4-4 allows you to calculate the resistance Ry 
at a different temperature T>, if you know the resistance 
R, at a known temperature 7, (usually 20°C or room tem- 
perature). 


R, = R, {1 + aT, — Ty] ohms (4-4) 


RESISTANCE 


Resistance 





—273°C 
FIGURE 4-2 
Variation of resistance with temperature for a metal 
conductor. 


Temperature 


R, is the final resistance (at temperature T,) in 

ohms (Q) 

R, is the initial resistance (at temperature 7) in 

ohms (Q) 

T> is the final temperature in °C 

T, is the initial temperature, 20°C 

a, is the temperature coefficient of resistance, per 
°C, quoted for the material at room tempera- 
ture, TJ, = 20°C 


where: 


Temperature coefficients for some common materials 
are listed in Table 4-3. Note that most are positive tem- 
perature coefficients (PTC), meaning that they exhibit an 
increase in resistance as a result of a rise in temperature. 
Carbon, seimconductors, and most insulators have a neg- 
ative temperature coefficient (NTC), and exhibit a drop in 
resistance as a result of a rise in temperature. This takes 
place because, in NTC materials, the current carriers come 
from electrons freed from the valence shells by heat. In 
insulators and other NTC materials, much more energy is 
needed to free an electron from the valence shell (making 
it available for conduction) than is needed in a metal con- 
ductor. Therefore, any increase in temperature results in a 
greater availability of current carriers. 





EXAMPLE 4-5 


A No. 2-gauge copper wire is used in a 10-km-length 
overhead transmission line. What will be its resistance at: 


a. 20°C? 
b. 100°F? 
c. —40°F? 





LINEAR RESISTORS 


TABLE 4-3 
Temperature Coefficients of Resistance for Common 
Materials at 20°C 





Material Q,, per °C 
Aluminum 0.0039 
Brass 0.0020 
Carbon — 0.0005 
Constantan (Cu 60, Ni 40) + 0.000002 
Copper 0.00393 
Gold 0.0034 
lron 0.0050 
Lead 0.0043 
Manganin (Cu 84, Mn 12, Ni 4) 0.000000 
Mercury 0.00088 
Nichrome 0.0004 
Nichrome Il 0.00016 
Nickel 0.006 
Platinum 0.003 
Silver 0.0038 
Tungsten 0.0045 
Solution 


a. From Appendix C, resistance for No. 2 copper = 
0.511 Q/km, at 20°C. Therefore, resistance for 10 km 
= 10 km xX 0.511 O/km = 5.11 Q at 20°C. 


b. 100°F = (100 — 32)°C = 37.8°C 








Ro = R,[1 + a1(To — T;)] (4-4) 
= 5.11 oft + — (37.8 — 20)° | 
= 5.110 [1 + 0.07] = 5.470 
c. —40°F = (—40 - 32)>°C = —40°C. 
Ro = R,[1 + 0,(To — T;)] (4-4) 
= 5.110 + ee (—40 -20y¢ | 


= 5.11 O[1 — 0.236] = 3.900 


EXAMPLE 4-6 


The resistance of a 100-W tungsten filament lamp in- 
creases from 10 Q at room temperature to 144 ] when 
lit. Assuming that this increase in resistance with temper- 
ature is linear, calculate the temperature of the hot fila- 
ment. 
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Solution 
Re = Rift + ai(To — 7,)] (4-4) 
Solve for T>: 

(T, ig = Re _ 7 

Qi( lo yo R 

Hence, T> = - (F: — 1) + T, 

Q4 R, 

ig © 144 © 5 
- sue (a 7 ' al 


2978°C + 20°C = 2998°C = 3000°C 





This calculation compares favorably with typical fila- 
ment temperatures of 2500°C. Of course, the calculation 
assumed that the increase in resistance would be com- 
pletely linear over a wide temperature range, which is not 
the case. 


4-5 LINEAR RESISTORS 


In Section 3-3, you learned that a resistor with a constant 
V/I ratio is known as a linear resistor. When current flows 
through a resistor, electrical energy is converted to heat, 
which tends to cause a slight increase in resistance in most 
common conductors. However, this change in resistance is 
so small over the usual temperature range that such mate- 
rials as copper and aluminum are considered to be linear 
resistors. 

The carbon composition resistors discussed in Section 
3-11 are also considered to be linear resistors. As shown 
in Fig. 4-3, these resistors tend to show a slight increase 
in resistance for any appreciable change in temperature 
from room temperature. * 

Metal film resistors, often used for higher precision re- 
sistance values (2% or less), exhibit very high temperature 
stability. This is given, for example, as 50 PPM/°C (50 
parts per million per °C, or a change of only 0.005% per 
°C). In very accurate measuring instruments and similar 
critical applications, a material called constantan is often 


*This characteristic is necessary to prevent ‘‘thermal runaway.’” If 
the resistance were to decrease as temperature increases, this would draw 
more current. This, in turn, would increase the temperature, further de- 
creasing resistance, and leading to the eventual destruction of the resistor. 
A positive temperature coefficient provides thermal stability. A negative 
temperature coefficient leads to thermal instability. 


R R 
O°Cc T 


(a) An ordinary metal 


E 


20°C ti Orc 
(c) Acarbon composition resistor 
FIGURE 4-3 
Variation of resistance with temperature for various 
materials. 


used. As the name implies, this material has a temperature 
coefficient of almost zero. It is used to maintain a practi- 
cally constant resistance when the temperature changes. 


4-6 NONLINEAR RESISTORS 


The tungsten filament of an incandescent lamp experiences 
a large change in resistance over its operating range of 
temperature, as was shown by Example 4-6. A graph of J 
versus V is not a straight line, so tungsten is a nonlinear 
resistance in this application. The low initial (cold) resis- 


RESISTANCE 
—273°C O°C T 
(6) A superconducting alloy 
T 
(d) A semiconductor (thermistor) 
Solution 
a. Initialinrush, / = : (3-1a) 
120 V 
= — =6.7A 
18 0 ? 
P 
b. Final current, / = 7 (3-5) 
60 W 
= t20v~ 2” a 
; V 
c. Hot resistance, R = 7 (3-1) 
120 V 
ae a 240 © 


tance of the lamp causes an inrush of current at the instant 
when it is switched on, as shown in Example 4-7. 


ee 


EXAMPLE 4-7 


A 120-V, 60-W incandescent lamp has a cold (20°C) re- 

sistance of 18 ©. Calculate: 

a. The initial inrush of current when connected to a 
120-V source. 

b. The steady operating current of the lamp. 

c. The hot resistance of the lamp. 


If the lamp takes 1 ms to reach its operating temperature, 
sketch a graph of the current versus time. 


See Fig. 4-4. 


a, 


Because the very small mass of the filament quickly 
becomes hot enough to reach its hot resistance of 240 Q, 
the lamp’s current surge is very short-lived. However, this 
inrush of current causes ‘‘thermal shock,’’ in which the 
sudden increase of temperature is accompanied by a rapid 
expansion of the metal, causing the filament to bend and 
flex. This flexing of the element each time the lamp is 
switched on contributes to the eventual rupture of the fila- 
ment. Lamps often ‘‘burn out’’ (suffer a filament rupture) 
at the instant they are switched on. 


NONLINEAR RESISTORS 


I, amperes 
8 






Current surge when 
Lo switch closed 
R= 180, 1 =6.7A 


._ 


Time, ms 


FIGURE 4-4 
Graph of the inrush current of an incandescent 
lamp for Example 4-7. 


4-6.1 Thermistors 


One method of eliminating current inrush, and thus ex- 
tending the life of an incandescent lamp, is to place a ther- 
mistor in series with the lamp. (See Fig. 4-5.) 

A thermistor is a semiconductor made from metallic ox- 
ides, and has a very large negative temperature coefficient 
(NTC). It is a nonlinear ‘‘thermal resistor,’’? with charac- 


Cold 
thermistor 


120 V 





(a) High thermistor resistance 
limits current inrush 


120 ¥ 
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teristics shown in Fig. 4-3d. These devices are manufac- 
tured in many different shapes. (See Fig. 4-6.) 

At room temperature, the thermistor may have a resis- 
tance of approximately 150 Q, so that the total resistance 
of the circuit in Fig. 4-5a would be 168 Q, allowing an 
initial current of 0.7 A: 


As this current flows through both the thermistor and 
the lamp filament, the resistance of the thermistor de- 
creases while the resistance of the filament increases. 
Eventually, the thermistor’s resistance will drop to approx- 
imately 1 (, a negligible amount compared to the resis- 
tance of the filament. (See Fig. 4-5b.) The electrical char- 
acteristics of the thermistor allow the filament to heat up 
much more gradually, over a period of several seconds. 
This avoids ‘‘thermal shock’’ and greatly extends the life 
of the lamp. Thermistors are now available commercially 
in disc form, which allows them to be dropped into a lamp 
socket before inserting the lamp. They last the lifetime of 
the socket, and are suitable for single-wattage lamps of up 
to 300 W. 

Thermistors are used to prevent current inrush in radio 





(6) Hot thermistor allows normal lamp 
Current 


Tungsten filament 
heaters in electron 
tubes 


FIGURE 4-5 


(c) Thermistor controls the initial current surge in series- 


connected, electron-tube heaters 


Using thermistors to limit current inrush. 


FIGURE 4-6 
Various types of thermistors. (Courtesy of Fenwal Electronics.) 


and TV broadcast equipment that makes use of vacuum 
tubes. In these applications, the tungsten heater elements 
of the tubes are connected in series and operated from a 
120-V ac line. (See Fig. 4-5c.) The thermistor in the cir- 
cuit reduces the current inrush, allowing the heaters to 
warm up slowly. 

It should be noted that the cast-iron or other alloy heat- 
ing elements used in electric stoves take many seconds to 
reach their final operating temperature. If tungsten were 
used, the current inrush would tend to blow fuses or trip 
circuit breakers. For this reason, the element is usually 
manufactured from an alloy (such as Nichrome II) that has 
a relatively low temperature coefficient. This virtually 
eliminates the current inrush problem, since there is not a 
very large change between the cold and hot resistance. 


4-6.2 Varistors 


When lightning ‘‘strikes’’ a power line, a momentary volt- 
age surge or transient is created. On a residential 120-V 


line, this surge may reach 2—3 kV and occasionally as high 
as 6 kV. High-voltage transients are also produced when 


RESISTANCE 





power equipment containing coils—such as motors, gen- 
erators, or solenoids—is turned off. Transients as high as 
600 V have been recorded upon engine shutdown in an 
automobile. These transient high voltages, lasting only a 
few microseconds, can shorten the useful life of semicon- 
ductor devices such as transistors or integrated circuits, or 
even cause them to fail. 

A varistor, also known as a VDR or voltage-dependent 
resistor, can be used to suppress high voltage surges. A 
varistor is a nonlinear resistor whose resistance decreases 
as voltage increases. 

Metal-oxide varistors are produced by pressing and sin- 
tering (heating) zinc oxide-based powders into ceramic 
discs. This produces the semiconductor-like characteristic 
shown in the VI curve in Fig. 4-7a. When the voltage 
across the varistor exceeds a given value, there is an in- 
crease in the breaking of valence bonds (the value may be 
any standard voltage from 4 V to more than 4 kV, depend- 
ing on wafer thickness). The breaking of the valence bonds 
results in a sharp decrease in resistance, allowing transient 
pulses of current to flow through the varistor. The current 
may range from 100 A for small varistors to 70,000 A for 


the bulk type of varistor. The voltage across the varistor is 














SUMMARY 
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—<=— Decrease in 
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Standby through the 
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(a) Varistor IV characteristics 


Equipment to 
be protected 
against 
voltage 
surges 


Varistor 
symbol 





Peak current surges 
pass through the varistor 


(6) Circuit application of a varistor 


FIGURE 4-7 
How a varistor reduces voltage surges. 


thus “‘clamped’’ at some relatively low value. Since the 
VI curve in Fig. 4-7a is symmetrical, it can be used for 
both ac and dc protection. 

When a varistor is connected in parallel with a piece of 
equipment, as shown in Fig. 4-7b, momentary high volt- 
age surges that could damage the equipment are sup- 


SUMMARY 





FIGURE 4-8 
Typical varistors. (Reprinted with permission of 
General Electric Company.) 


pressed. The extra current passes through the varistor, in- 
stead of the protected equipment. 

A typical varistor used to protect kitchen appliances op- 
erating at 120 V would be 7 mm in diameter. It would 
have a ‘‘standby’’ current of less than 1 mA, but would 
be capable of bypassing a single current pulse of 1200 A 
(provided the pulse is less than 20 ws in duration). 

The range of metal-oxide varistors available, suitable 
for continuous operation from 50 V to 2800 V, is shown 
in Fig. 4-8. Before metal-oxide was introduced as a ma- 
terial for varistors, silicon carbide was used for high-volt- 
age-surge arrestors. The silicon carbide type of varistor, 
known by the trade name Thyrite, was developed to pro- 
vide lightning protection on power transmission lines. 


1. For a given temperature, the resistance of a material is directly proportional to 
length, inversely proportional to the cross-sectional area, and dependent upon the 


type of material. R = pl/A 


2. The resistive property of a material is indicated by its resistivity or specific resis- 


tance (p), ohm meters, as given in Table 4-1. 


3. A low resistivity value indicates a more conductive material. 
4. The circular mil area of a conductor is found by squaring the diameter in mils. 1 


mil = 0.001 in. 


5. The wire gauge table is a list of standard wire sizes based on circular mil area. A 
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11. 


12. 


13. 


14. 


15. 


smaller gauge number indicates a conductor with a larger cross-sectional area and 
higher current-carrying capacity. 

The resistivities of semiconductors are between those of conductors and insulators, 
but closer to conductors. 

Insulators are rated in terms of their breakdown voltages, in volts per meter, as 
given in Table 4-2. 

The resistance of most metals increases with a rise in temperature as a result of a 
larger number of electron collisions. 

The temperature-related change in a material’s resistance depends on that materi- 
al’s temperature coefficient, which has units of per °C, as listed in Table 4-3. 
Carbon, semiconductors, and insulators have a negative temperature coefficient 
(NTC) because any increase in temperature results in an increase in the availability 
of current carriers (free electrons). 

If the resistance and temperature coefficient of resistance are given at one temper- 
ature, the resistance at a different temperature may be calculated, using Rp = R, 
[1 + a,(T2 — T))] 

Linear resistors, those with a constant V/I ratio, are materials whose resistance 
changes very little over the range of temperatures involved in a particular appli- 
cation. 

The nonlinear nature of the resistance of a tungsten lamp filament over a wide 
temperature range accounts for the large inrush current when the lamp is first 
switched on. 

A thermistor is a nonlinear resistor with a very large negative temperature coeffi- 
cient. When connected in series with a lamp filament, the characteristics of the 
thermistor allow it to suppress the inrush current. 

The varistor is a nonlinear resistor whose resistance decreases as voltage increases. 
It can ‘‘clamp’’ voltage at a relatively low value to prevent high-voltage transients 
that would damage transistors or other semiconductor devices. 


SELF-EXAMINATION 


Answer true or false or a, b, c, d 
(Answers at back of book) 


4-1. 


4-3. 


If the diameter of a given conductor is doubled with the length and temperature 
remaining the same, the new resistance will be 

a. doubled 

b. halved 

c. quadrupled 

d. reduced to one-fourth 

If the radius of a given conductor is tripled and the length is also tripled, the 
new resistance at the same temperature will be 

a. the same 

b. reduced to one-third 

c. tripled 

d. nine times as large 

The resistivity of a given material is the resistance of a specific volume of the 
material at a given temperature. 

Aluminum is a better conductor than copper because it has a higher resistivity 
than copper. 
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REVIEW QUESTIONS 


4-5. 


4-6. 


4-7. 


4-8. 


4-9. 


4-10. 


4-11. 


4-12. 


100 ft of No. 18 gauge copper wire has a resistance of approximately 
a. 6.50 

b. 0.65 0 

ce 160 

d 40 

A 0.020-in.-diameter wire has a circular mil area of 

a. 400 

b. 40 

c. 200 

d. 0.004 

A 2-mm-thick layer of paper will break down when the following voltage is 
applied: 

a. 20kV 

b. 10kV 

c. 40 kV 


d. anything above 2 kV 

A material that has an increase in electron collisions at higher temperatures has 
a positive temperature coefficient. 

A negative temperature coefficient material is one in which an increase in heat 
reduces the number of current carriers. 


A reel of copper wire has a resistance of 1 kQ at 20°C. If its temperature 
coefficient is 0.004 per °C, the resistance at 120°C will be 

a. 1004 0 

b. 1.4k0 

c. 1040 0 

d. 1000.4 0 


A graph of J versus V for a material has a constant slope. This indicates a linear 
resistance. 

A thermistor is an example of a nonlinear resistor, since its resistance decreases 
significantly with an increase in temperature. 


REVIEW QUESTIONS 


—" 


What are all the factors that affect the resistance of a conductor? 

What would be the units for resistivity if the length was measured in feet and the 
area in CM (circular mils)? 

Justify, in your own words, why an increase in length increases resistance, but an 
increase in area decreases resistance. 

A No. 14 gauge copper wire is recommended to carry a maximum of 15 A in 
house wiring applications. Why? Does this mean that it is impossible for more 
than 15 A to pass through a No. 14 wire? Under what conditions, if any, could 
you allow a No. 14 wire to carry more than 15 A? 

Describe what happens when an insulator breaks down. 

Explain why the resistance of common metals increases with temperature, but the 
resistance of semiconductors and insulators decreases. 

Given an accurate resistance measuring device and the means to vary temperature, 
describe how you would determine the temperature coefficient of resistance for a 
copper coil. Why would a at 30°C be different from the value obtained at 20°C? 
Why is a usually specified at 20°C? 
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8. Sketch, on the same set of axes, graphs of R versus T for carbon, constantan, and 
copper. Which one of carbon and copper is more constant in resistance as the 
temperature changes? At a given temperature which one has the largest resistance 
for a given length and cross-sectional area? 

9. What causes the current inrush problems in a tungsten filament lamp? Under what 
conditions could tungsten be considered a linear resistance? 

10. Sketch a graph of J versus V for a 100-W incandescent lamp. How does it differ 
from a graph for a linear resistor? What effect will a series-connected thermistor 
have upon the V-/ graph for the tungsten filament? 

PROBLEMS 

(Answers to odd-numbered problems at back of book) 

4-1. The line cord to a table lamp uses a 2-m (4-m total) length of copper wire that 
has a diameter of 1.27 mm. Calculate: 

a. The resistance of the lamp cord at 20°C. 
b. The total voltage drop along the wire when a 120-V, 300-W lamp is in use. 
c. The closest standard wire gauge size of the copper wire. 

4-2. Repeat Problem 4-1 assuming that aluminum wire is used. 

4-3. A relay coil is to be wound using copper magnet wire that has a radius of 0.4 
mm. What length of wire is necessary to produce a 100-Q coil? 

4-4. Repeat Problem 4-3 assuming that aluminum wire is used. 

4-5. A two-wire copper feeder line is to supply a 1500-W load 500 ft away from a 
120-V source. What must be the minimum size of wire if a 6% maximum volt- 
age drop can be tolerated at the load? (Specify the minimum cross-sectional area 
and nearest wire gauge number.) 

4-6. A stove heating element is 1.5 m long and has a cold resistance of 26 (. If the 
element contains Nichrome II wire, determine the diameter of the wire. 

4-7. What length of copper wire, 1 mm in diameter, will have the same resistance 
as 10 cm of gold wire that has a diameter of 1.2 mm? 

4-8. A 10-m length of wire having a diameter of 1.8 mm has a resistance of 1.93 Q. 
What material is used for this wire? 

4-9. a. What air spacing is necessary to provide a minimum breakdown voltage of 
2500 V? 

b. What spacing would be necessary if Teflon is used instead of air? 

4-10. The typical air gap found in an automotive spark plug is 0.030 in. What mini- 
mum voltage is necessary to cause a spark over this distance? 

4-11. The copper winding of a motor has a cold resistance of 0.2 0 at 20°C. After 
the motor has been in operation, the winding temperature rises 50°C. What is 
the new resistance? 

4-12. A No. 4 gauge copper wire is used in a 400-km length overhead transmission 


line. 

a. What is the resistance of the line at 20°C? 

b. What is the voltage drop along this line when a current of 100 A is carried 
by the line? 

c. Express this voltage as a percentage of the applied voltage of 230 kV. 

d. Repeat parts (a), (b), and (c) for a temperature of 120°F. 

e. Repeat parts (a), (b), and (c) for a temperature of — 30°F. 


RESISTANCE 


PROBLEMS 


4-13. 


4-14. 


4-17. 


4-18. 


4-19. 


4-20. 


If the resistance of a nickel wire is 50 2 at 300°C, what is its resistance at room 
temperature, 20°C? 

If the tungsten filament of a 120-V, 250-W lamp is 2800°C, calculate its resis- 
tance at room temperature, 20°C. 

A Nichrome II heating element is designed to produce 2100 W at 240 V. If the 
cold resistance at 20°C is 26 (, calculate the temperature of the hot element. 
The inrush current to a 120-V lamp is 15 A. The current drops to 1.25 A after 
the tungsten filament has reached white heat. Calculate the operating tempera- 
ture of the filament. 

Early incandescent lamps used carbon filaments and operated at a lower temper- 
ature with a more reddish light. 

a. Ifa 120-V, 60-W carbon lamp operated at 1500°C, what was the resistance 
of the lamp at room temperature, 20°C? 

b. What advantage would such a lamp have, compared to a tungsten filament? 
A coil of wire of unknown length and area has a resistance at 20°C of 25 0. 
The resistance increases to 37 ] when the coil is lowered into boiling water. 
What is the material of the wire coil? 

At 20°C a 1-kQ) metal film resistor has a temperature coefficient of 60 PPM/°C. 
What is its resistance at 80°C? 

a. What is the cold resistance of a thermistor required to limit the inrush cur- 
rent of a 120-V, 150-W lamp to a value equal to that of the lamp’s final steady 
current? The cold resistance of the lamp is 8 Q, and the hot resistance of the 
thermistor is 1 Q. 

b. What is the power rating of the thermistor? 








SERIES 
CIRCUITS 
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When several components are connected in a circuit that provides 
only one path for current, the components are said to be in series. 
lf any one element fails, it interrupts current through all the 
elements of the circuit. In this sense, the elements depend on 
each other for continued flow of current through the circuit. 


The relationship between the applied electromotive force (emf) 
and the voltage drops that occur in such a circuit is governed by 
Kirchhoff’s voltage law. This law also provides a way to obtain the 
total circuit resistance and/or current. 


Open circuits (which have infinite resistance) and short circuits 
(which have zero or very low resistance) can be located in a 
series circuit by making voltage measurements and applying 
Kirchhoff’s voltage law. 


A process called voltage division can be used to provide different 
voltages in a series circuit. A potentiometer provides continuous 
voltage division in a series circuit by means of a sliding contact. 
The potentiometer is a three-contact device used to vary voltage. 


VOLTAGE DROPS IN A SERIES CIRCUIT 
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Either the positive or the negative side of a dc supply may be 
connected to a metal chassis to provide a common return path in 
a circuit. This common path is referred to as ground. Voltages 
throughout the circuit may have a positive or negative potential 
with respect to this ground. 


5-1 VOLTAGE DROPS IN A SERIES 
CIRCUIT 


In Section 4-6, you saw a circuit (Figs. 4-5a and 4-5b) in 
which both a thermistor and a lamp had the same current 
flowing through them. Such an arrangement is called a se- 
ries circuit. 

The distinguishing feature of a series circuit is that 
the current is the same throughout all the elements in 
that circuit. 





RK 


(a) Series circuit showing a single path for current 





(b) Series circuit showing voltage drops across resistors 


Figure 5-la shows three resistors in series, connected 
to a voltage supply. As the current flows through R,, a 
‘‘voltage drop’’ (called Vr,) occurs across R;, as shown in 
Fig. 5-1b. This voltage drop causes point C to be at a 
lower potential or voltage than point B. This is shown by 
the negative sign (—) at C with respect to the positive sign 
(+) at B. When current moves from a point that is positive 
to a point that is, by comparison, negative, there is a re- 
duction in the potential (or voltage) to do work. A voltage 
drop has taken place. Because point C is closer to the neg- 


FIGURE 5-1 
Series circuits. 
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ative side of the applied voltage source, it is at a lower 
voltage than point B. This is shown by placing a negative 
sign at point C. 

To determine the polarity signs of voltage drops with 
conventional current, use the following rule: 

Current flows toward the positive side of a voltage drop 
and away from the negative side of a voltage drop. 

Using this rule, a positive sign (+) is placed at the end 
of a resistor where the current enters, and a negative sign 
(—) at the end of the resistor where the current leaves. 

To further understand the meaning of the term voltage 
drop, consider Fig. 5-1b. If a voltmeter is connected from 
B to E, the reading would indicate the full voltage supply 
V (ignoring any negligible voltage drop across the amme- 
ter, which has extremely low resistance). 

If the positive lead of the meter is moved from B to C, 
the voltmeter would indicate a lower voltage, equal to V 
— Vp,. This measurement shows that a drop in voltage 
occurred across R,, reducing the voltage (emf) available to 
the rest of the circuit. Likewise, the voltage from D to E 
is equal to V — Vr, = Ve, (because of the additional 
voltage drop across Rz), and this voltage is equal to the 
voltage drop across R3. 

Voltage drops exist across the resistors only when cur- 
rent flows in the circuit. This is the reason why a voltage 
drop across a resistor is sometimes called an JR (voltage) 
drop. (See Eq. 3-1b.) If the switch in Fig. 5-1b is open, a 
voltmeter connected from A to E would still indicate that 
the source voltage exists. The resistor voltage drops would 
be zero, however, since there is no current flowing. A 
current does not have to flow for an emf to exist. (Con- 
sider a ‘‘live’’ 120-V wall outlet with no load connected.) 

The term JR voltage drop also helps to distinguish be- 
tween a voltage drop across a resistor and the voltage drop 
of a battery that is being recharged. When a battery is 
recharged, current flows into the positive terminal rather 
than out of that terminal. Therefore, the battery’s voltage 
is also a voltage drop, but not an IR voltage drop. Figure 
5-2 illustrates a situation in which Vp, is an IR voltage 
drop and V, is a voltage drop (a ‘‘bucking’’ emf) that must 
be overcome by supply voltage V, to reverse the current 
through V3. 


5-2 KIRCHHOFF’S VOLTAGE LAW 


As you saw in Section 5-1, the reading of a voltmeter 
decreases as you progressively subtract the voltage drops 
across each resistor in the circuit. That is, in Fig. 5-10: 


SERIES CIRCUITS 





FIGURE 5-2 
Battery V. is being recharged by V, so that V2 is a 
voltage drop and Vj, is an JR voltage drop. 


voltage from B to EF = V 
voltage from C to E = V — Vp, 
voltage from D to E = V — Vr, — Vr 


voltage from E to E = V — Vr, — Vr, — Vr 


3 
In the last step, the positive and negative leads of the 
voltmeter are both connected to the same point, E. Since 
the voltmeter is no longer connected across any source of 
emf or across any resistance that could cause a voltage 
drop, it must now read zero. Thus 
V — Vr, — Vr, — Vrz = 9 


2 3 


This is one form of Kirchhoff’s voltage law: 


Around any complete circuit, the algebraic sum of 
the voltages equals zero. 


‘‘Complete circuit’’ means that you must end up tracing 
the current at the point where you started. ‘*Algebraic’”’ 
means that some voltages are positive and others are neg- 
ative. Thus V (the voltage source) is a positive voltage, 
while Vp,, Vr,, and Vp, (the voltage drops) are negative. 

The term algebraic can be avoided by rearranging the 
equation: 


V= Vey — Vr, + Vr; volts (5-1) 


and restating Kirchhoff’s law as follows: 


Around any complete circuit, the sum of the volt- 
age rises is equal to the sum of the voltage drops. 


If you use the rule in Section 5-1 to determine the po- 
larity signs for the JR voltage drops, you can use the fol- 
lowing to determine whether a voltage is a voltage rise or 
a voltage drop. 


1. A voltage rise occurs if, as you move around a 
circuit in the direction of the conventional current, 


KIRCHHOFF’S VOLTAGE LAW 


you proceed from a negative sign (—) at one end of 
a component to a positive sign (+) at the other end. 
2. A voltage drop occurs if, as you move around a 
circuit in the direction of conventional current, you 
proceed from a positive sign (+) at one end of a 
component to a negative sign (—) at the other end. 


Note that the polarity signs referred to may be those 
across a resistor or a voltage source. For example, if you 
apply Kirchhoff’s voltage law to the circuit in Fig. 5-2, a 
voltage rise occurs between C and A, and is equal to V;. 
As you move from A to B in the direction of the current, 
you proceed from a positive sign to a negative sign across 
R,. Thus Vz, is a voltage drop. As you continue from 
B to C, you again move from a positive sign to a 
negative sign across V>. Thus V> is also a voltage drop. 
You have now returned to the starting point at C, and thus 
have traveled a complete loop. Therefore, by Kirchhoff’s 
voltage law: 


sum of voltage rises = sum of voltage drops 
V= VR, + VY, 


Now, apply Kirchhoff’s voltage law to the circuit 
shown in Fig. 5-3a. 

After you determine the polarity signs across the resis- 
tors, it is clear that 


V= VR, my VRo + Vr; (5-1) 
But if you apply Ohm’s law to each section of the cir- 
cuit: 


VR, = IR, Vo —_ IR>, VR; = IR; 


(3-1b) 





(a) Series circuit 
FIGURE 5-3 
The use of Kirchhoff’s voltage law to obtain an equivalent circuit. 
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Thus 
V= VR, =e VR5 —" Vr3 
— IR, + IR, + IR; 
= T(R, i R> = R3) 
= IR; 
where 


(5-2) 


is called the total circuit resistance. Thus, as far as V is 
concerned, the same current (J) would flow if only one 
resistor, R;, is connected across V. 

Equation 5-2 proves an important relationship: 


Rr — R, + R, T R; ohms (Q) 


In a series circuit, the total resistance of the circuit 
is the sum of the individual resistances. 





EXAMPLE 5-1 


A source of 18 V is connected across three series resis- 

tors having values of R; = 3.3 kO, Ro = 1 kQ, and R; 

= 4.7 kQ, as in Fig. 5-4. 

Calculate: 

a. The total circuit resistance. 

b. The current in the circuit. 

c. The voltage drops across the resistors to verify 
Kirchhoff’s voltage law. 

d. The reading of a voltmeter connected between 
points C and D in Fig. 5-4. Show this by two different 
methods. 


Rr=R,+R,+R; 


(6) Equivalent circuit with same current 
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- a Ry = 3.3 kQ_ 2 Hg AM, 
= VRy VRp 
Y= 138 ¥ = 
Solution 
a. Total circuit resistance, 
Rr = R, a R> 7 R3 (5-2) 
= 3.3kQ 4+ 1kQO + 4.7 kO 
= 9kQ 
b. Circuit current, 
V 
|= R, (3-1a) 
— 18V ~ 18 V 
~9kQ 9 x 10°0 
~2x10°A=2mA 
c. Voltage drops, 
Vr, — IR, (3-1 b) 
= 2mMA X 3.3 kD 
=2~x 10°A x 3.3 x 10°90 = 6.6V 
Varo = IRp 
= 2mA X 1 kO 
=2x10°Ax1x10°9Q9=2V 
Vig = IR3 
= 2mA X 4.7 kD 


=~2x10°Ax 47x 10°90 =94V 
But 
Vr, + Vr, + Vr, = V 
66V+2V4+94V = 18 V 
Note that the above values verify Kirchhoff's voltage 
law. 


d. The voltmeter indicates: 
V— Vp, - Ve, = 18V~-66V—2V 


= 94V 
or directly, the voltmeter indicates Vz, = 9.4 V 


(S-1) 


In Example 5-1, note how the product of current 
in mA and resistance in kQ results in a voltage drop 
in volts. This occurs because the equal positive and 
negative exponents cancel. In general, (1 mA) x 
(1kQ) = 1V. 
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FIGURE 5-4 
Circuit for Example 5-1. 


In the circuit shown in Fig. 5-4, the wires connecting 
the three resistors are assumed to have no (zero) resis- 
tance, and therefore, no voltage drops across them. For 
example, observe that the wire joining R. and R3 has a 
negative sign on one end and a positive sign on the other. 
This does not mean that there is any voltage difference 
between the two ends. The negative sign indicates that this 
wire is at a lower potential than the wire on the left side 
of R>, which has a positive sign. In the same way, the 
positive sign indicates that this wire (in fact, any point 
along this wire) is at a higher potential than the right side 
of R3, which has a negative sign. Polarity markings are 
only relative to one another when they occur on oppo- 
site ends of the same component. Whether something 
in a Circuit is positive or negative depends upon the point 
of reference. In Fig. 5-4, for example, point B is posi- 
tive with respect to point C, but negative with respect to 
point A. 


5-3 POWER IN A SERIES CIRCUIT 


The total power dissipated in a series circuit is the sum 
of the individual powers dissipated by each individual 
resistor in the circuit. 


Total power P; = P; + P, + P3 watts (5-3) 
where P, (etc.) may be calculated by using 
P, = TR, (3-7) 
or P, = Vel (3-5) 
Vey 

or P, = —_— (3-8) 

R, ; 
Ths P= FR, = Vi = a, Watts (5-4) 


T 


where: P, is the total power in watts (W) 


I is the current in amperes (A) 
Rr is the total resistance in ohms (Q) 


V is the applied voltage in volts (V) 


POWER IN A SERIES CIRCUIT 





EXAMPLE 5-2 


For the circuit and data in Example 5-1 calculate: 

a. The power dissipated individually in each resistor. 

b. The total power delivered by the source, using three 
different methods. 


Solution 
a. P, = Vp, ! (3-5) 
= 66Vx2mA 
=66Vx2x10°A 
= 13.2 x 10°°?W = 13.2 mW 
or P. = PR, (3-7) 
= (2 x 10° °A)* x 3.3 x 10° 
= 13.2 x 10°°W = 13.2 mW 
va, 
= — 3-8 
or P, R, (3-8) 
(6.6 v)? 
= ———— = 13.2 mW 
33xi0q. 2m 
Pz = Vp,/ (3-5) 
=2Vx2mA = 4mW 
P. = Vro! 
=94V x 2mA = 18.8 mW 
b P; =P, + P.2+ Ps (5-3) 
= 13.2 mW + 4mwW + 18.8 mW 
= 36 mW 
or P; = VI (5-4) 
= 18V x 2mA = 36 mW 
or P; = FPR; (5-4) 


= (2 x 10°°A)? x 9 x 10° 0 
= 36 x 10° W = 36 mW 


Note in Example 5-2 that the product of voltage in volts 
and current in mA yields power directly in milliwatts 


(mW). 


EXAMPLE 5-3 


You wish to use a 9-V transistor battery to operate a 

portable radio that is designed to use two AA (1.5-V) 

cells and requires a current of 75 mA. Determine: 

a. How much resistance must be connected in series 
with the 9-V battery and the radio to allow proper 
operation. 
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FIGURE 5-5 
Circuit for Example 5-3. 


b. The power rating of the resistor. 
c. The power used by the radio. 


Solution 


Refer to Fig. 5-5. 
a. By Kirchhoff’s voltage law, the voltage drop caused 
by the series resistor must be: 
9V-—-3V=6V 


The same current of 75 mA passes through the re- 
sistor as through the radio. Therefore 
V 


R=- 


(3-1) 
6V 
75x 107A 80% 

b. Power dissipated in R is given by 
P= Vi 

| 6V x 75 mA 

= 450 mW 


(3-5) 


A standard 82-Q + 5%, 1-W rating resistor would 
provide a safety factor of 2 to avoid overheating. 
That is, the power dissipation in the resistor could 
double without the resistor’s rating being exceeded. 
c. Power used by the radio is given by: 
P=Vi 
3V x 75 mA 
225 mW 


(3-5) 


In the above example, twice as much power is dissi- 
pated in the resistor as is delivered to the radio. This waste 
of power is a disadvantage of operating a lower-voltage 
device from a higher-voltage source, especially when a 
battery is used to supply power. 
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An open circuit results whenever a circuit is broken or 
is incomplete. In a series circuit, this means that there is 
no path for current, and so, no current flows. Another way 
to put it is that there is no continuity in the circuit. 

Assume that the circuit shown in Example 5-1 was con- 
nected in the laboratory, but no current flow was indicated 
on the ammeter. (See Fig. 5-6.) How could you determine 
the location of the break in the circuit? 

The break can be located by using a voltmeter set to a 
range that can accommodate the supply voltage. The meter 
is connected, in turn, across each of the connecting wires 
in the circuit. If one of the wires is open, as in Fig. 5-6a, 
the full supply voltage will be indicated on the voltmeter. 
Remember that in the absence of current, there is no volt- 
age drop across any of the resistors. Therefore, the volt- 
meter must be reading the full supply voltage across the 
open portion of the circuit. That is, 

Voltmeter reading = 18 V — Vr, — Vr, — Vr, 

= 18V-0O0V-OV-OV 
= 18V 

If the open circuit condition is due to a defective resis- 
tor (resistors usually open when they burn out) as shown 
in Fig. 5-6b, the voltmeter would indicate 18 V when con- 
nected across the defective resistor (R2). 

The location of the open in the circuit can also be found 
with an ohmmeter. With the voltage removed, the ohmme- 
ter will show no continuity (infinite resistance) when con- 
nected across the open wire or resistor. 


Ammeter indicates zero 





Voltmeter indicates 
18 V, the supply voltage 


(a) Open circuit due to break between 
R,andR3 


FIGURE 5-6 
Open circuits. 
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EXAMPLE 5-4 


Figure 5-7 shows a typical series control circuit for a gas- 
fired swimming pool heater with a standing (constantly 
burning) pilot light. The thermopile in the circuit is made 
up Of a number of series-connected thermocouples. A 
thermocouple consists of two different metals (such as 
iron and constantan) and generates an emf of approxi- 
mately 30 mV when placed in a flame. A typical thermo- 
pile generates an emf of 750 mV. If the ON-OFF switch 
is closed, the thermostat is closed (“calling” for heat), the 
high-temperature limit switch is closed, and the water 
flow switch is closed (indicating that water is flowing), 
then the main gas solenoid valve will be energized. Gas 
will flow to the burners and be ignited by the pilot flame 
to heat the water. 

Of course, if the pilot light is not burning, the thermo- 
couple will not generate an emf and no current will flow. 
As a result, the gas valve will not open. 

If the thermostat malfunctions and water temperature 
becomes too high, the high-temperature limit switch will 
open, breaking the circuit. This will de-energize the so- 
lenoid, and gas flow will be cut off. 

If the water flow is interrupted for any reason, the low- 
pressure water flow switch will open. Again, the circuit 
will be broken, de-energizing the solenoid and cutting off 
gas flow. 

Determine the voltage readings shown on a voltmeter 
when connected between points A-B, B-C, C-D, D-E, 
E-F, and F-A for the following conditions: 


Voltmeter 


R, indicates 18V 








(6) Open circuit due to open resistor R, 
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On-Off 
B C Thermostat 
+ ~ a 
Thermopile 
(Thermocouple) 
Main gas 
A 750 mV : solenoid valve 
_ O © O C) E 
Gas pilot light A P 
ay, 
High-temp. Low-pressure 
limit switch water flow switch 
FIGURE 5-7 
Typical low-voltage series control circuit for a pool heater. 
a. Pilot not lit. E-F =OV 
b. Pilot lit, but thermocouple defective (open, not gen- F-A=0OV 


erating an emf). 


; NOTE E-A Id indicate 750 mV. 
c. Thermopile generates 750 mV, ON-OFF switch ie laa 7 





closed, thermostat closed but insufficient water flow- e. A-B = 750 mV (negative) 
ing. B-C = 750 mV 

d. Same conditions as in part (c), but with high-temper- C-D = D-E = E-F=FA=0V 
ature limit switch stuck open. f. A-B = 750 mV (negative) 

e. Thermopile generates 750 mV, ON-OFF switch de- B-C = C-D = 0 V (closed switch has zero resistance, 
fective (open), thermostat, high-temperature limit so no voltage drop occurs even when current flows). 
switch and low-pressure switch all closed. D-E = 750 mV 

f. Same conditions as in part (e), but with ON-OFF E-F = F-A=0V 
switch repaired and closed. 

Solution 

a. If the pilot is not lit, no emf will be generated and all 
voltages will be zero. 5-5 SHORT CIRCUITS 

b. If the thermocouple is defective, all voltages will be 
zero (no emf generated). A short circuit is a path of zero or very low resistance 

c. A-B = 750 mV (negative) compared to the normal circuit resistance. All short cir- 
B-C =0V cuits cause an increase in current. If one of the elements 
C-D=0V in a series circuit is short-circuited, the result is an in- 
D-E =OV crease in current that may or may not be damaging. (In a 
E-F = 750 mV simple parallel circuit, the result is usually a blown fuse 
F-A =0OV or tripped circuit breaker.) 


The circuit shown in Fig. 5-8 is the same one you saw 


NOTE = 
OTE Vaz is negative because B is positive with respect to A in Example 5-1, and should have a normal current of 2 


d. A-B = 750 mV (negative) mA. Assume that the ammeter in Fig. 5-8 reads higher 
B-C =0V than 2 mA, and that you suspect one of the components is 
C-D=O0V ‘shorted out’’ (short-circuited). How could you tell which 


D-E =0OV component is shorted by making voltage measurements? 
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Ammeter indicates more than 2 mA 


Voltmeter 
indicates zero 






3sVv = 


R3= 4.7 kO 


Short circuit (zero 
resistance) around R3 


FIGURE 5-8 
Short circuit across R; results in a current increase. 


If a voltmeter is connected across each of the resistors 
in turn, it will indicate 0 V for the defective resistor. Al- 
though current is flowing through the short circuit, no volt- 
age drop occurs if there is zero resistance. That is, 





he (3-1a) 
Rr 
18 V 
= = 4.2 mA 
4.3 kO . 
and 
V3 = IR 


=42mAxXx002=0V 


Even if the defective resistor, R3, amounted to a few 
ohms (say 10 Q), this would still be effectively a short 
circuit. This is because R; would be 4.31 kQ and the volt- 
meter would try to indicate 


V3 = IR3 
= 42mA X 10Q = 42 mV (essentially zero) 


(3-1b) 





EXAMPLE 5-5 


Assume that you must connect a fuse in series with the 

82-Q, resistor and 3-V radio operating from a 9-V battery 

shown in Fig. 5-9. The fuse size must be chosen to pro- 

vide protection for the radio in the event that the resistor 

burns out and short-circuits. Calculate: 

a. The normal current flowing in the circuit in Fig. 5-9. 

b. The current that will flow if the 82-0 resistor shorts 
out. 

c. The size of fuse needed to protect the radio from 
damage. 
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Fuse 82 2 


3-V 
circuit radio 


Resistor short 


FIGURE 5-9 
Fuse provides protection if resistor burns out. 


Solution 


a. Under normal operation, the 82-Q resistor should 
drop 6 V across itself. Therefore the normal circuit 
current is given by: 


i= (3-1a) 


0.0732 A~ 73 mA 


b. The effective resistance of the radio under normal 
operation is given by: 
A = “ (3-1) 
3V 
= ———— = 4 
73.2 x 10 °A a 
Assuming this stays constant when the voltage 
across the radio increases to 9 V, the current that 
will flow is given by: 


{= 


0.2195 A ~ 220 mA 


Note that this current is three times the normal 
current, since the applied voltage is three times 
higher. 

c. Since the current will rise suddenly from 73 mA to 
220 mA if the resistor shorts, select the nearest stan- 
dard fuse above the normal operating current: 0.1 A. 





5-6 VOLTAGE DIVISION 


If you refer back to Example 5-1 and examine the way in 
which voltage drops are related to resistor values, you will 


VOLTAGE DIVISION 


find that the highest resistance has the largest voltage drop 
across it, and the lowest resistance has the smallest voltage 
drop. Because the circuit current is common, the voltage 
drops are in direct proportion to the resistance values. 

Consider the circuit in Fig. 5-10. The voltage across R, 
could be obtained as follows: 


V V 


[= —- = ———_ (3-1a) 
Rr R, + R, + R3 
V 
= [R, = ———————_- X R 3-1b 
VR > Ri + Ro + Rs)” ay 
Therefore, 
R R 
Ve, = V X ———— = V= wolts (5-5) 


Equation 5-5 is called the voltage division rule. It 
states that, in a series circuit, the voltage across the 
resistors ‘‘divides up’’ in a way that is proportional to 
the ratio of the resistances. 


Similarly, 
R, Ry 
Ve. = V X — —— = V-— volts (5-6 
Ry R, +R) +R, Rr oe) 
and 
R3 R3 
Vp, = V X ———— = V— volt 5-7 
Rs re ee ae ea 


The voltage division rule can be applied to any number 
of series-connected resistors. 

Since the denominators are equal in size for Equations 
5-5 through 5-7, it is clear that the largest voltage drop 
occurs across the largest resistance. In the case of equal 





Rez 
LaF 
Veg 

FIGURE 5-10 


Voltage division across three series-connected 
resistors. 
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value resistors, each resistor has an equal voltage across 
it. 


EXAMPLE 5-6 


Resistors of 22 kQ, 100 kQ, and 56 kQ are connected in 
series across a 12-V supply. What is the voltage drop 
across the 56-kQ resistor? 





Solution 
R3 Rs 
cece eee a : 
56 ko XP oR+R "RR, cae 
56 kO 
= 12V xX 55K + 100 KQ + 56 KO 
56 kO 
SNe oe a 


12 V x 0.315 = 3.78 V 


EXAMPLE 5-7 


A 200-W, 120-V lamp and a 100-W, 120-V lamp are con- 
nected in series with a 240-V source (see Fig. 5-11). As- 
suming that the resistances of the lamps are the same 
as when operating at their normal voltages, calculate: 


a. The voltage across each lamp. 
b. The power dissipated by each lamp. 
c. The visual effect. 


Solution 
a. The operating resistances of the lamps are given by 
2 
P= — - 
= (3-8) 
/* 
Roo = = 
200 Pp 
200 W rated 





R200 = 720 





100 W rated 
Rioo = 1440 


FIGURE 5-11 
Circuit diagram for Example 5-7. 
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_ (120 V)* _ 
~ 200 W =e 
(120 V)? 
—- ——__ = 1440 
R00 100 W 


By the voltage divider rule, and referring to Fig. 5- 
11, the voltage across the 200-W lamp is given by 





R 
Vo00 = V x and (5-5) 
Rr 
7 720 + 1440 
, te 
= 240 V x 216 
= 240 V x ; = 80 V 
Similarly, 
R100 
Vico = V X (5-5) 
Rr 
7 144.0 + 720 
= 240 V x = = 160 V 
b. Power dissipated in each lamp is given by 
2 
= — 3-8 
5 (3-8) 
(V200) 
Pony = 
200 Rooo 
(80 V)* 
= —— = 88.9 W =~ 89 W 
72 0, 
(160 V)* 
See 8 W =~ 178 W 


c. The 200-W lamp will be approximately half as bright 
as normal; the 100-W would be much brighter (al- 
most twice as bright) than normal and would proba- 
bly burn out in a few minutes. 


NOTE From Example 5-7, you can see that only lamps of equal 
wattage, each of 120 V, should be series-connected across a 
240-V line. In that case, the lamps would have equal resistance 
and the voltage would divide evenly, giving each lamp its normal 


120 V. 





5:7 THE POTENTIOMETER 


The potentiometer is a three-terminal device with a sliding 
contact that can be moved from one end to the other. It is 
shown in schematic form in Fig. 5-12a, with the upper 


SERIES CIRCUITS 


portion of the resistance given by R, and the rest of its 
resistance by R>. 

This may represent the condition in which the poten- 
tiometer shaft is turned to somewhere near the center of its 
travel. This condition may be thought of as two separate 
resistors, as shown in Fig. 5-12b. The voltmeter indi- 
cates the output of the potentiometer between the moving 
contact (B) and the lower terminal (C). The input voltage 
is connected between the terminals of the potentiometer 
(A, C). 

Consider the voltage division rule: 


R> 


Vou = V ea 
' - R, + R> 


= V5 (5-5) 


y) 


If the shaft of the potentiometer is turned so that B is 
in contact with A (as in Fig. 5-12c), Rj; = O and R, = 
full resistance of the potentiometer. Then 


R> R> 
GC ————= = Vin x = Vin 
Ry + Ry 0+ R, 





Vout — V; 


and the full supply voltage will be indicated on the volt- 
meter. This is because the voltmeter is now effectively 
connected directly across the input supply (V;,). 

Conversely, if B is moved to make contact with C (as 
in Fig. 5-12d), R, = 0. Then 


R, 0 


Vou = Vin X.5—2— = Vig X S—— = 
R, + Rp R, + 0 


OV 

Vout 18 zero because the voltmeter is now connected 
across two points with zero resistance between them. Even 
though current is flowing through the wire connecting the 
bottom of R,; to C, there is no voltage drop because the 
resistance is zero (V = IR = I X OQ = 0 VY). This 
means that a potentiometer allows a variable voltage to be 
developed between one of its end terminals and the sliding 
contact. 

It should be noted that, as the output voltage is varied 
from minimum to maximum, there is no change in the 
current (J) drawn from the supply voltage (V;,,). Assuming 
that the voltmeter has a very high resistance compared to 
the resistance of the potentiometer, there is no change in 
resistance between A and C as the potentiometer con- 
tact (B) is moved. 

In practice, potentiometers are used in applications 
where a load is connected between B and C. If this load 
draws any appreciable current compared with /, then the 
current from Vj, will vary as the potentiometer is varied 
(by moving the sliding contact). An analysis of this type 
of circuit will be presented in Chapter 7. Potentiometers 


THE POTENTIOMETER 


85 





(a) Voltage division using a 
potentiometer 





(c) Vout = Vin because voltmeter is 
connected across source 


FIGURE 5-12 
How a potentiometer provides a variable voltage output. 


are generally used, however, with very light loads that 
draw a small current. 

One example is the volume control in an audio ampli- 
fier, as shown in Fig. 5-13. The input signal, which may 
come from a magnetic tape head, is first made larger by a 
pre-amplifier. Then, it is applied to the potentiometer. By 
rotating the potentiometer shaft, the amount of audio Sig- 
nal voltage applied to the power amplifier may be in- 
creased or decreased (more or less volume). The input re- 
sistance to the power amplifier (the load on the 
potentiometer) is usually high, so very little current is 
drawn from the potentiometer. 


Pre-ampilifier Power amplifier 






BS 


Input 
signal 


a oy, Volume increase 
R; 
| | Amplifier input 


resistance 


Volume 
decrease 








(2) Vout = O because there is zero 
voltage across zero resistance 


The change in resistance produced by turning the poten- 
tiometer shaft may be related to shaft rotation or position 
in a linear or nonlinear manner. 

If the resistance of the potentiometer (between its center 
terminal and one end) varies in a linear relationship with 
its position, the potentiometer is said to have a linear ta- 
per. Thus, a potentiometer with a linear taper and a resis- 
tance of 10 kQ from one end to the other will have a 
resistance of 5 kO, between the center terminal and one end 
when the shaft is at the center of its travel. 

Potentiometers with various nonlinear tapers are avail- 
able, as well. An example is the volume control shown in 






FIGURE 5-13 

A potentiometer used as a 
volume control in an audio 
amplifier. 


Fig. 5-13, which has an audio taper. This taper provides 
smaller changes in resistance at low volume settings than 
at the high end, permitting a finer degree of adjustment at 
low volume. 


EEE 


EXAMPLE 5-8 


A 5-kQ, potentiometer with a linear taper has 6 V con- 

nected across its end terminals. Calculate: 

a. The range of output voltage that can be developed. 

b. The two possible output voltages when the poten- 
tiometer is in its three-quarter position. 

c. The current through the potentiometer in this posi- 
tion. 

d. The potentiometer’s power rating. 


Solution 


a. Minimum = OV 
Maximum = 6 V 
b. Vou = Vin X 7 


=~6Vxi=45V 
or Vout = Vin X 4 
—~6Vxi=15V 
V 
Ge f= — 3-1 
S (3-1a) 
6V 
=“ 
d. P=FR (3-7) 


= (1.2 mA)® x 5 kO 
= (1.2 x 10-2 A)? x 5 x 10° 
= 7.2 mW (10 mW minimum) 


EXAMPLE 5-9 


Given the circuit in Fig. 5-14, calculate: 

a. The maximum and minimum voltage that the volt- 
meter will indicate as the potentiometer is varied to 
its extremes. 

b. Assuming a linear taper, the voltage indicated when 
the potentiometer is in its center position. 


Solution 
a. A maximum voltage will result when the potentiome- 
ter wiper is moved to bring B into contact with A. 
This is equal to 10 V. 
For a minimum voltage indication, B is moved into 
contact with C. The output voltage is now the voltage 
drop across the 1.2-kQ fixed resistor, given by 
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FIGURE 5-14 
Circuit diagram for Example 5-9. 


Re 
n ieee 
R, + Re 
. 1.2 kO 
1kQ + 1.2 kO 


Vout = Vj (5-5) 


10 V 


1.2 
10V x 55 = 545 V~ 5S ¥ 


b. When the potentiometer is in its center position, the 
voltmeter is connected across a total resistance Rz 
of 500 0 + 1.2 kQ = 1.7 kQ. 


Re 
n oS 
R;, — Ro 
. 1.7 kO 
0.5 kQ + 1.7 kO 


Vout = V (5-5) 


10 V 


1.7 
=10V x — =/7.73V= 7. 
D9 3 7.7 V 


a 


The above circuit might be used as a volume control in 
a battery-operated radio. It would not be possible, how- 
ever, to turn the volume down to zero. The low-level 
sound would be a reminder to turn off the radio when not 
in use, to prevent running down the batteries. 


5.8 POSITIVE AND NEGATIVE 
GROUNDS 


In an automotive electrical system, one side of the battery 
is connected to the metal chassis of the auto and called the 
ground side. This connection allows the metal chassis to 
be used as the return path for any circuit, avoiding the 
need for an extra wire. On most U.S.-made vehicles, a 
negative ground is used, but some European vehicles use 
a positive ground, instead. (See Fig. 5-15.) The positive 
ground system is believed to reduce corrosion problems. 





POSITIVE AND NEGATIVE POTENTIALS 





(a) Negative ground system 


FIGURE 5-15 
Possible grounding systems. 


In a negative ground system (Fig. 5-15a), all wiring is 
at a positive potential with respect to the chassis. In a pos- 
itive ground system (Fig. 5-15b), all potentials are nega- 
tive. Current flows in opposite directions in the two sys- 
tems. But in both systems, the metal chassis serves as the 
common reference point for stating the value of voltage at 
any point in the system. 

In a strict sense, the use of the word ground for the 
metal chassis is not correct; chassis ground is better (see 
symbol in Fig. 5-15c). This is because the word ground, 
by itself, usually implies a connection to earth ground, 
such as a cold water pipe. One side of a domestic 120-V 
ac outlet—the neutral side—is connected to earth ground. 
(In a car, the chassis is insulated from the ground by its 
rubber tires.) 

Most electronic equipment is built on a metal chassis, 
which may serve as a convenient tie point for components 
and a common return to one side of a power supply. 
Sometimes, this chassis may also be connected to the 60- 
Hz supply (earth) ground, and may require the use of po- 
larized plugs to ensure the proper connection of neutral 
and grounded chassis. 

Another type of grounding system is the signal ground, 
shown by the symbol in Fig. 5-15c. This may simply be a 


conductive strip running around a printed circuit board that - 


serves aS a common connection for the returning signal. It 
is not necessarily connected to the chassis or to the earth 
ground. In some equipment a movable shorting strap is 
provided to allow operation of the signal ground at a dif- 
ferent voltage from the chassis or earth ground. 

Note that, if one side of a battery or power supply is to 
be grounded, there is no requirement that the negative side 
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tL 


Earth ground 


as 


Chassis ground 


(b) Positive ground system J 


Signal ground 


(c) Ground symbols 


be used. There is nothing about the positive side of a 
battery that prevents it from being connected to 
ground. 


5-9 POSITIVE AND NEGATIVE 
POTENTIALS 


In some cases, a circuit may require both positive and neg- 

ative potentials. This makes necessary a different placing 

for the common or ground connection. (See Fig. 5-16.) 
In Fig. 5-16a: 


R, 
Vi = Vy, = DY XS : 
A Rj Ry +R (5-6) 
100 
= 120 x ——_——__. = 5. 
100242000 77% 
Ry 
Ve = =—Ve = =1.V x = 5-5 
° *2 R, + R, =) 
22 
= -12V x = ~ 8.25 V 


1000 + 2200 


Thus, A is positive and 3.75 V higher in potential than 
C, while B is —8.25 V with respect to the ground point 
(C’). Since it is understood that all voltages are stated with 
respect to the common or ground at C, you could simply 
say A = +3.75 V,B = —8.25 V. 

A very common method used to obtain dual operating 
voltages for integrated circuits, such as operational ampli- 
fiers, is two series-connected batteries or power supplies 
with a common ground. (See Fig. 5-16b.) The advantage 


12V 





(a) Single-source system 


FIGURE 5-16 
Two methods of obtaining positive and negative potentials. 


of this system is a more constant output voltage when a 
load is connected, compared to using a voltage-divider re- 
sistance network like the one shown in Fig. 5-16a. It 
should be noted that both these systems require the use of 
batteries or a ‘‘floating’’ power supply. For example, if 
the two 12-V supplies in Fig. 5-16b had their negative 
sides grounded, it would not be possible to connect them 
in series. 

A commercial power supply that provides both positive 
and negative potentials with respect to the common (COM) 
terminal is shown in Fig. 5-17. In this device, the common 
is completely isolated from the 120-V ac earth ground (the 
power supply converts the alternating current to direct cur- 
rent), so no ground symbol is shown. A tracking control 





FIGURE 5-17 
Commercial power supply that provides both 
positive and negative potentials with respect to the 
common (COM) terminal. (Courtesy of Hewlett- 
Packard Company.) 
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OV 
(common) 


Le 
“12 


(6) Dual-source system 


permits simultaneous adjustment of both the positive and 
negative outputs. 


5-10 VOLTAGE SOURCES 
CONNECTED IN SERIES 


The series interconnection of cells (batteries) is covered in 
detail in Chapter 9. However, two general statements can 
be made concerning the total or net voltage that results 
from two or more voltage sources being connected in se- 
ries. 

When the cells are connected as shown in Fig. 5-18a, 
they are said to be series-aiding, with total voltage given 
by 


Vr = Vv, - V> volts (5-8) 


The circuit current, which is the same through both bat- 
teries and the resistor, is 


ee, SE VS 
R R 


When the cells are connected as in Fig. 5-185 or Fig. 
5-18c, the voltage sources are referred to as being series- 
opposing. The net voltage of the combination is 


VNET = Vi = V> volts (5-9) 


where V, is assumed to have the larger emf. Note that the 
resultant polarity of Vxpr is the same as the larger emf. 
Similarly, any number of series-connected emfs may be 
reduced to a single equivalent voltage. It should be noted 
that the internal resistance associated with each cell (as 
discussed in Section 9-1) has an additive effect, whether 
the cells are aiding or opposing. 


SUMMARY 





Var = ¥a— Vo 
+ — 
Vi>V> 
= (; 
(6) Series-opposing 
vi Vo 
Vi>V> 





(c) Series-opposing 
FIGURE 5-18 
Series-connected voltage sources. 





EXAMPLE 5-10 


For the circuit given in Fig. 5-19a, calculate: 
a. The current. 
b. The voltage at A with respect to B. 


SUMMARY 
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co Ri = 4709 
fe 5, 
Vi + + fe a 
le — a , a Pier 13 690 0 
B D 
R,= 2200 
(a) Original circuit (6) Equivalent circuit 
FIGURE 5-19 
Circuits for Example 5-10. 
Solution 
a Ver = Vi — Vo (5-9) 
= 25V-10V=15V 
Rr = R, + Ro (5-2) 
= 47002 + 2200 = 6900 
_ Vet 
[| = R. (3-1a) 
15 V 
= 690 O = 0.0217 A = 21.7 mA 
b. VaB = V3 So Vro 


= 10V + 21.7 x 10°°A x 2200 
= 10V + 4.77V = 14.8 V 
or Vap = V; — Vr, 


= 25V — 21.7 x 10°°A x 4709 
= 25V-—-102V=14.8V 


enn nnn nr nn er eS 


1. In a series circuit, there is only one path for current, so the current is the same 


throughout all the elements of the circuit. 


2. The failure of any one element in a series circuit will interrupt the current for all 


elements in the circuit. 


3. An/JR voltage drop occurs as current passes through a resistor. 
4. Kirchhoff’s voltage law states that the applied emf equals the sum of the voltage 


drops around any complete circuit. 


_ 


The total resistance of a series circuit is the sum of the individual] resistances. 


6. The total power dissipated in a series circuit is the sum of the individual powers 


dissipated in each resistor. 
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7. Ina series circuit, an open circuit creates infinite resistance due to a break in the 
circuit. The full supply voltage appears across such an open circuit. 

8. A short circuit exhibits very low or zero resistance, resulting in increased current 
and zero voltage drop across the short circuit. 

9, Ina series circuit involving more than one resistance, the voltage divides. The 
highest voltage appears across the largest resistance, which also dissipates the 
highest power. 

10. The potentiometer is a three-terminal device with a sliding contact. It is used to 
vary voltage from zero to the full supply voltage. 

11. A ground is a common return path for a number of components connected to the 
same supply. Either the positive or the negative side may be grounded, and may 
or may not be connected to earth ground. 

12. A power supply may consist of two emfs connected in series, with their common 
interconnection grounded and used as a reference to provide both positive and 
negative potentials to a circuit. 

13. Voltage sources may be connected as series-aiding or series-opposing, with the 
total voltage equal to the sum or the difference, respectively. 

SELF-EXAMINATION 


Answer true or false or a, b, c, or d 
(Answers at back of book) 


5-1. 


5-2. 
5-3. 


5-4. 


5-5. 


5-6. 


5-7. 


5-10. 


No matter where an ammeter is connected in a series circuit the reading is 
always the same. 

Although the current is not used up in a series circuit, the voltage is. 

The sum of all the voltage drops in a series circuit may slightly exceed the 
applied voltage. 

As electrons pass through a resistor, we still say that there is a voltage drop 
across the resistor even though electrons enter the negative side and leave the 
positive side. 

An emf can exist only if there is a complete circuit for current to flow. 





If there are two emfs in a series circuit, the net applied voltage may be either 
the sum or the difference of the two emfs. 

Three resistors of 1 kQ, 2 kQ, and 7 kO, are connected in series with a 30-V 
supply. The total resistance and current are 

a. 10k0,3A c. 10k0,3 mA 

b. 10k0,300mA d. 5k0,6mA 

The voltage drops across the three resistors in Question 5-7 are 

a. 1V,2V,7V c. 3V,6V,21V 

b. 2V,4V,14V d. 3 mV, 6mV, 21 mV 

The powers dissipated in each of the resistors in Question 5-7 are 

a. 9mW, 36 mW, 441 mW c. 9 W, 36 W, 441 W 

b. 9mW, 18 mW, 63 mW d. 9 pW, 18 pW, 63 pW 

The total power supplied to the whole circuit in Question 5-7 is 

a. 90 mW c. OW 

b. 90 pW d. 900 mW 
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REVIEW QUESTIONS 


5-11. 


5-12. 


5-13. 


5-14. 


5-15. 


5-16. 


5-17. 


5-18. 


5-19. 


5-20. 


If an open circuit occurs between the 2-kO and 7-kQ. resistors in Question 5-7, 
a voltmeter connected across the 7-kQ, resistor will indicate: 

a. 30V c 4V 

b. 21V d. OV 

If an open circuit occurs between the 1-kO and 2-kO resistors in Question 5-7, 
a voltmeter connected between these two resistors indicates: 

a. 30V c 4V 

b. 1V d. OV 

If a short circuit occurs across the 7-kQ, resistor in Question 5-7, the current 
will be 

a. 3mA c. 3A 

b. 10 mA d. 10A 

A voltmeter connected across the shorted 7-kQ, resistor in Question 5-7 indi- 
cates: 

a. 30V c. OV 

b. 21V d. 9V 

Three resistors are connected in series across a 27-V supply. The second resistor 
has twice the resistance of the first; the third resistor has three times the resis- 
tance of the second. The voltage across the third resistor is 

a. 3V c OV 

b. 6V d. 18 V 

A 10-kQ potentiometer is connected across an 18-V supply. When the shaft is 
rotated to the 7 position the output voltage and current through the potentiom- 
eter are 

a. 6V and 1.8 mA c. 12 Vand1.2 mA 

b. 12 V and1.8 mA d. either (a) or (b) 

Current flows in the opposite direction in a negative ground system compared 
with a positive ground system. 

If two 15-V supplies are series-connected, it is possible to connect loads that 
operate at +15 V, —15 V, and 30 V. ___ 

If two 12-V batteries are series-connected, the total available voltage may be 
either 24 V or O V. 

In order to connect two batteries series-opposing, the two negative terminals 
must be connected to one another. 


REVIEW QUESTIONS 


1. 


= 


In an experimental verification of the Kirchhoff voltage law, the sum of the mea- 
sured voltage drops was slightly less than the applied emf. How could you explain 
this? Why may the sum have been slightly larger? What equipment would you 
need for an exact verification? 

Why do the polarity signs across a resistor seem more suggestive of a voltage 
drop when tracing conventional current than when tracing electron flow? 

What is an JR drop? Why is this term useful? 

Under what conditions would two emfs in a series circuit provide zero current? 
Give an equation for the total power in a series circuit in terms of the individual 
resistances and the voltage drops across each. 
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10. 
11. 
12. 
13. 
14. 


15. 


16. 


17. 


18. 


19. 
20. 


A series circuit is suspected to have an open circuit. How could you verify this to 
be the case and how would you locate the break? 

One of the components in a series circuit is shorted-out. How would you locate 
the fault using the following equipment? 

a. A voltmeter. 

b. An ohmmeter. 

Assume a series circuit with a number of resistors connected to a power supply, 
one side of which is grounded. What difficulty would you have in locating an 
open resistor if you used a voltmeter that had its negative lead also grounded (as 
many VTVMs have)? Show by means of a diagram the readings you would obtain 
for three resistors, the middle one of which is open. 

Assume a series circuit connected to a 9-V battery. No current is flowing and an 
open resistor is suspected. It is suggested that an ohmmeter be used to locate the 
open resistor. Is this a good idea? Will an infinite reading be indicated when 
connected across the open resistor? If an ohmmeter is to be used, what must be 
done first? 

In a series circuit, justify why the largest resistance will have the highest voltage 
drop. 

Use the voltage division rule (Eq. 5-6) to justify why a shorted resistor will have 
zero voltage across it. 

When an ohmmeter is connected across the outer two terminals of a potentiometer, 
why is there no change in resistance reading as the shaft is rotated? 

How is it possible for a potentiometer to reduce the voltage to zero without caus- 
ing a short circuit and drawing a large current from the supply? 

If a potentiometer with a linear taper varies the resistance linearly as the shaft is 
rotated, what is a logarithmic taper? 

Why do you think it is unimportant to a headlight in a car whether the electrical 
system has a positive or negative ground system but very important, to a transistor 
radio? 

What does it mean to have a ‘‘floating’’ power supply? Draw a diagram to show 
why it is impossible to obtain positive and negative supply potentials from two 
power supplies, both of which have their negative sides grounded to the same 
point. 

Explain how it would be possible, in a series circuit, for the number of electrons- 


per-second flowing at two points to be the same but the electron drift velocity at 


the two points to be different. 

Under what conditions can two 120-V lamps be safely connected in series across 
a 240-V supply? 

What do you understand by the terms series-aiding and series-opposing ? 

If two batteries are connected in a series circuit so that both batteries are discharg- 
ing, in what way have the batteries been connected? 


PROBLEMS 


(Answers to odd-numbered problems at back of book) 


5-1. 


5-2. 


Given R,= 150 0, R, = 300 Q, and R3 = 50 Q,, find the total resistance when 
connected in series. 

Given R,;= 5.1 kO, R, = 6.8 kQ, and R; = 4.7 kOQ, find the total resistance 
when connected in series. 
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PROBLEMS 


5-3. 


5-7. 


5-8. 


5-9. 


5-10. 


The three resistors in Problem 5-1 are connected to a 90-V source of emf. 
Calculate: 

a. The circuit current. 

b. The voltage drop across each resistor. 

The three resistors in Problem 5-2 are connected to a 24-V source of emf. 
Calculate: 

a. The circuit current. 

b. The voltage drop across each resistor. 

Calculate: 

a. The power dissipated in each resistor in Problem 5-3. 

b. The total power supplied by the source. 

Calculate: 

a. The power dissipated in each resistor in Problem 5-4. 

b. The total power supplied by the source. 

Refer to Fig. 5-4. 

a. What will a voltmeter indicate when connected from B to D? 

b. What is the voltage at C with respect to A? 

Refer to Fig. 5-6a. Determine the reading of a voltmeter for the following con- 
nections: 

a. Between A and B. 

b. Between B and C. 

c. Between C and D. 

d. Between B and D. 

Three resistors, when connected in series to a 50-V supply, draw a current of 5 
mA. Two resistors are equal in value to each other; the third has a resistance of 
2 kQ). What is the value of each of the other two resistors? 

Three resistors are connected in series to a 20-V source of emf. A current of 2 
mA passes through the first resistor; a 10-V drop occurs across the second resis- 
tor; and the third resistor has a resistance of 2.2 kQ. Determine the resistance 
of the first two resistors. 

Given the circuit in Fig. 5-20, calculate the resistance of Ry, R3, and R,. 


Po =0.4W 


B C 








P3 =0.5 W 


FIGURE 5-20 
Circuit diagram for Problems 5-11 and 5-12. 


5-12. For the circuit given in Fig. 5-20, determine: 


a. The voltage at C with respect to E. 
b. The voltage at C with respect to A. 
c. The voltage at D with respect to A. 
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5-13. 


5-14. 


5-15. 


5-16. 


5-17. 


5-18. 


5-19. 


5-20. 


5-21. 


FIGURE 5-21 
Circuit diagram for Problems 5-21, 5-23, and 5-25. 


5-22. 
5-23. 


5-24. 
5-25. 


Four resistors are connected in series to a 25-V supply that provides 100 mW 
of power. The first two resistors have equal resistance and a combined voltage 
drop across the pair of 10 V. If the fourth resistor has half the resistance of the 
third resistor, calculate the resistance of all four resistors. 

Refer to Fig. 5-8. Determine the reading of a voltmeter for the following con- 
nections: 

a. Between A and B. 

b. Between A and C. 

c. Between C and D. 

d. Calculate the reading of an ammeter connected between C and D. 

The following three resistors are connected in series: 330 0, 2 W; 100 0, 1 W; 
33 QO, % W. What is the maximum voltage that can safely be connected across 
this series combination? 

A series Christmas tree light set consists of twenty-five 7’2-W lamps operating 
at 120 V. What is the total hot resistance of the circuit? 

A 14.8 -Vsource of dc is to be used to recharge a battery as in Fig. 5-2. If the 
battery is 11.2 V, calculate: 

a. The resistance R, must have to limit the initial charging current to 6 A. 

b. The current that will flow with R, in the circuit if the polarity of the battery 
is mistakenly reversed. 

What resistance must be connected in series with a 6-V car radio if it is to 
operate from a 13.2-V battery? The radio uses 3 A at 6 V. Determine the power 
rating of the resistor. 

A 100-W, 120-V lamp, and a 60-W, 120-V lamp are connected in series to a 
240-V supply. Assuming that the resistances of the lamps are constant, use the 
voltage division rule to determine the voltage across each lamp, the power dis- 
sipated by each lamp, and the visual effect. 

A 2.2-MQ resistor is in a series circuit whose total resistance is 8.5 MQ. How 
much voltage appears across the 2.2-MQ resistor when 40 V is applied to the 
circuit? Calculate the power dissipated in this resistor. 

A 5-kQ linear taper potentiometer is connected in series with a 3.3-kQ, resistor 
across a 50-mV source as shown in Fig. 5-21. Calculate the voltmeter reading 
for the following locations of contact B: 
a. Moved fully upward to A. 

b. Moved fully downward to C. 

c. Moved halfway between A and C. 


Repeat Problem 5-21 using the values and circuit shown in Fig. 5-22. 
Calculate the current flowing in the circuit of Fig. 5-21 as the potentiometer 
control is varied. 

Repeat Problem 5-23, using Fig. 5-22. 

If the applied voltage in Fig. 5-21 is 50 V, calculate the required power rating 
of the potentiometer. 
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FIGURE 5-22 
Circuit diagram for Problems 5-22, 5-24, and 5-26. 





5-26. If the applied voltage in Fig. 5-22 is 100 V, calculate the required power rating 
of the potentiometer. 

5-27. Given the circuit in Fig. 5-23, determine the voltage across the lamp and the 
power dissipated in the lamp, if the lamp’s resistance is 6 2. 


40 20 


+ 
12V = - 24V 
FIGURE 5-23 | { 


Circuit diagram for Problems 5-27, and 5-28. = = 


5-28. Repeat Problem 5-27 with the polarity of the 24-V source reversed. 
5-29. Refer to Fig. 5-16a. It is required to produce +9 V at A and —6 V at B with 
respect to ground (C). Determine: 
a. The necessary applied emf. 
b. The values of R; and R, if the no-load current drawn from the applied emf 
is to be 100 mA. 
c. The potential at B with respect to A. 
d. The potential at C with respect to A. 
5-30. Refer to Fig. 5-19, with V,| = 20 V, V2 = 45 V, R, = 15 kQ, and R, = 10 
kQ.. Calculate: 
a. The current. 10 V 18 V 
b. The voltage at C with respect to D. - —- ww] ua 
c. The voltage at B with respect to A. 
5-31. Repeat Problem 5-30 using V; = 50 V and V, = 30 V. 


5-32. Given the circuit in Fig. 5-24, calculate: 15 kg os Gen 
a. The current flowing in the circuit. 
b. The power dissipated in the 22-k0 resistor. 33 ko aM 


c. The potential at A with respect to B. _ ——! A 


FIGURE 5-24 
Circuit diagram for Problems 5-32 and 5-33. 


5-33. Repeat Problem 5-32 with the polarity of the 48-V source reversed. 





G 





PARALLEL 
CIRCUITS 





A parallel circuit provides two or more paths for current but has a 
common applied voltage. This is the method used in wiring 
homes, schools, and other buildings, since it allows each load to 
operate independently of the other loads. Kirchhoff's current law 
states, essentially, that the total current supplied by a source 
equals the sum of the parallel branch currents. This law is used to 
derive a general expression for the total resistance of any number 
of parallel-connected resistors. The total resistance of such a 
circuit is always less than the smallest branch resistance. Finally, 
two special equations will be presented: one that applies to any 
two resistors in parallel, the other for any number of equal 
resistors in parallel. 


KIRCHHOFF’S CURRENT LAW 


Fi Junction or node 








Zero resistance 


(a) Original circuit 


FIGURE 6-1 
Alternate forms of a parallel-connected circuit. 


6-1 CHARACTERISTICS OF A 
PARALLEL CIRCUIT 


In a series circuit, the failure of any one element (or any 
of the connecting wires) interrupts current for all elements 
in that circuit, as you learned in Section 5-1. This is a 
useful feature when a fuse or circuit breaker opens under 
overload conditions to prevent damage to the other ele- 
ments of the circuit. But, as you know if you have ever 
tried to locate the defective lamp in a series-connected 
string of Christmas tree lights, the series circuit is not a 
very suitable method for supplying power to a number of 
different loads. A more practical method is to connect the 
loads in parallel with each other, then connect the combi- 
nation to the voltage supply. 

The distinguishing feature of a parallel circuit is that 
it provides more than one path for the flow of current. 
(A series circuit provides only one path.) Also, in a true 
parallel circuit, all the components have the same 
(common) voltage across them. 

The current drawn by each component, load, or branch 
will be determined by the resistance of that branch. This 
is illustrated by the circuit containing three parallel-con- 
nected resistors, shown in Fig. 6-1. 

In a parallel circuit, the total current (I;) from the 
source divides at each junction (also called a node). The 
largest current passes through the branch with the smallest 
resistance. The currents through the branches recombine 
(as at junction B) to provide the same total current (Ir) 
flowing back into the source. 
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(6) Original circuit redrawn 


6-2 KIRCHHOFF’S CURRENT LAW 


In its simplest form, Kirchhoff’s current law states: 
The current flowing into a junction (or node) must 
equal the current flowing out of the junction. 


Strictly applied, Kirchhoff’s current law is the law of 
conservation of charge. It means that the flow of charge at 
any junction must be accounted for. Kirchhoff’s current 
law can be applied to junction A in the circuit shown in 
Fig. 6-1b. 

Mathematically, this law states: 


ly = 1, +1, +1; amperes (6-1) 


eee 
EXAMPLE 6-1 


A toaster drawing 10 A is connected in parallel with two 

lamps, one drawing %% A, the other drawing 1% A. As 

shown in Fig. 6-2a, a 120-V source is connected across 

this combination. Calculate: 

a. The total current supplied by the source. 

b. The voltage across the lamp that draws 1% A. 

c. The combined resistance (equivalent resistance) of 
all three loads. 

d. The resistance of a fourth load, connected in parallel 
with the first three, that will increase the total current 
to 15 A. 

e. The combined resistance of all four loads. 


Iv 





120-—V 
outlet 


(3) 
) 


(a) Original circuit 


FIGURE 6-2 
Circuits for Example 6-1. 


Solution 
a. I; — I, - I, — Iz (6-1) 
=~10+05+15A 
= 112A 


b. The voltage across the lamp drawing ¥ A is the 
same as the source voltage across all the loads, 120 


V. 
c. By Ohm’s law (see Fig. 6-26): 
V 
Rea = 7 (3-1) 
T 
120 V 
aa: ya 10 © 
da lr=htht+ilgtl, (6-1) 
Therefore: / 4 = I; = (I, so lo + I3) 
= 15A-—12A 
= 3A 
V 
R= 7 (3-1) 
120 V 
ict tania Sem cq) 
SA 40 
e. New combined equivalent resistance of all four 
loads: 
V 
Risa = f (3-1) 
120 V 
~ 15 A a 


Example 6-1 shows an interesting result—adding a re- 
sistor to this parallel circuit has reduced the total circuit 
resistance (the combined resistance) connected to the 
source. Note that this is the opposite of what happens 
when you add a resistor to a series circuit. 

In the next section, you will learn how to find the total 
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Ir =12A 


120-—V R 
outlet - 


(b) Equivalent circuit 


equivalent resistance in a parallel circuit by using the in- 
dividual resistance values. 


6-3 EQUIVALENT RESISTANCE FOR A 
PARALLEL CIRCUIT 


If you apply Ohm’s law to the resistance in each branch 
of Fig. 6-3, you obtain: 


/-¥ pk 7 -¥ 
1 Ry zZ R>’ 3 7 R3 
Thus, Eq. 6-1 may be rewritten as: 
Ir = I, + I, Tr I, (6-1) 
I ul p id + ul (6-1a) 
=—4+—4— -la 
"Ry Rp Rs 
or 
Ir = V es + = + = (6-2) 
. Ri Ro Rs 


Now let R.q stand for the equivalent combined resis- 
tance of all three resistors in parallel. (See Fig. 6-30). 
That is, R.g can take the place of R,, Ro, and R3. The 
battery would still supply the same current (I7) as it did to 
the three resistors. Expressed in equation form: 


bee (+) 
=. = ——a 
Reg Reg 


For the current (/;) to be the same in Eqs. 6-2 and 6- 
3, it is required that: 


(6-3) 


EQUIVALENT RESISTANCE FOR A PARALLEL CIRCUIT 





(a) Original circuit 


Therefore, 


1 1 1 1 


—_— = — + — + 6-4 
Reg R, R, R3 ‘ 
Equation 6-4 also may be written as: 
1 
Reg —e a,i.i ohms (6-5) 
R, RR; 


nen eeng eee 
EXAMPLE 6-2 


Three resistors—2 0, 5 ©, and 10 Q—are connected in 

parallel across a 25-V source. Calculate: 

a. The total (equivalent) resistance of the three resis- 
tors. 

b. The total current drawn from the source. 





Solution 
1 1 1 1 
© Reg RR” Ry = 
Pe me 
2 5 10 
28 2d 
~ 10° 10° 40 
8 
~ 40 
Therefore, 
10 
Ree = — 1.25 O 


Alternatively, if the given quantities do not have a simple 
common denominator, use their decimal equivalents for 
the reciprocals. 





B FIGURE 6-3 
Parallel resistor circuit. 


(6-5) 


-05+702701"” 





(3-1a) 


The use of a calculator greatly simplifies the work in- 
volved to find equivalent resistance using Eq. 6-5. The 
calculator automatically stores each reciprocal and adds it 
to the next, as shown below for Example 6-2. 


Enter Press _ Display Purpose 
C 0. Clears the calculator. 
2 I/x 0.5 Finds reciprocal of first term. 
+ 0.5 Instruction to add next 
reciprocal. 
5 I/x 0.2 Finds reciprocal of second 
term. 
~ 0.7 Instruction to add next 
reciprocal. 
10 I/x 0.1 Finds reciprocal of third 
term. 
= 0.8 Gives total of reciprocals. 
I/x L.Zo Gives reciprocal of total— 


final answer. 
Answer: 


100 


A very important conclusion that you can draw from 
Example 6-2 is that the equivalent resistance (R.q) of a 
parallel circuit is always smaller than the smallest 
branch resistance. In this case, Reg = 1.25 0, while the 
smallest branch resistance was 2 (1.. Adding any resistor in 
parallel with the 2-(Q resistor provides another parallel path 
for current, allowing more total current to flow from the 
source. This means that a drop in equivalent resistance has 
taken place. (R = V/I) 

Since conductance is the reciprocal of resistance, G = 
1/R (Section 2-11), you can also write Eq. 6-4 as: 


1 1 1 1 
oe eh (6-4) 
Reg Ri Ro Rs 
Gr, = G, + G, + G3 siemens (6-6) 


The total conductance of a parallel circuit is the sum 
of its branch conductances. If G7 is found first, then Reg 


ee 


EXAMPLE 6-3 


Two resistors, one with a resistance of 400 © and the 
other with a resistance of 2 kQ, are connected in parallel 
with a load that has a conductance of 1 mS, and a 10-V 
source. (See Fig. 6-4a.) Calculate: 

a. The total conductance of the circuit. 

b. The combined (equivalent) resistance of the circuit. 
c. The total current (/;) drawn from the source. 


Solution 


a. Gr = G,+ Go.+ Gs (6-6) 
a re 
400 0 2x 10° 
= 0.0025 S + 0.0005 S + 0.0015 
=-25mS+05mS +1mS 
=4mS 


+ 1x10" Ss 


1 mS 10 V 





(a) Original circuit 





(b) Equivalent circuit 
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b. Req = G (2-5) 
a 
~ 4x 1073S 
— 0.25 x 10° 0 = 2500 
V 
Cc lr = Rox (3-1a) 
10 V 
=e 0.04A = 40 mA 


or 

l; = VG; 
10Vx4x10°S 
40 x 10 °A = 40 mA 


_ EE al 


Note, from Example 6-3, how connecting more resis- 
tors in parallel increases the total conductance. And, since 


1 
T R R T 


this causes more total current to flow from the source as 
more resistors are added in parallel. 


6-4 POWER IN A PARALLEL CIRCUIT 


As is the case in a series circuit, the total power dissi- 
pated in a parallel circuit is the sum of the individual 
powers dissipated by each load. 


Total power Pr = P,; + Pz + P3_ watts (5-3) 
where P,, and so on, may be calculated using 
P, = Ii R, (3-7) 
or P, = VI, (3-5) 
Vy" 
P, =— 3-8 
or 1 R, (3-8) 
Ir = 40 mA 
Gr 
4mS 
FIGURE 6-4 


Circuits for Example 6-3. 


POWER IN A PARALLEL CIRCUIT 


120-V 


1000-W 
outlet toaster 


Thus Pr = I Reg (6-7) 

or Pr = VIr (6-8) 
Vv 

or Py = a (6-9) 





EXAMPLE 6-4 


A 120-V kitchen outlet (wall receptacle) supplies a 1-kW 

toaster, a 500-W coffee maker, and a 150-W lamp, as 

shown by the circuit diagram in Fig. 6-5. Calculate: 

a. The total power demanded from the outlet. 

b. The total current drawn from the source. 

c. The effective equivalent resistance of the three par- 
allel-connected loads. 


Solution 


a. Pr = P,; + Po + P3 (5-3) 
= 1000 + 500 + 150 W 
= 1650 W 

b. P; = Vl; (6-8) 


l; 








(a) Original circuit 
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FIGURE 6-5 
Circuit for Example 6-4. 








or P; — (6-9) 


=. 
_ (120 V)F _ 
~— 1650W | laa 


or Pr = IF Reg (6-7) 


1650 W 


EXAMPLE 6-5 


A source of 24 V is connected across three resistors in 
parallel having values of R; = 2.2 kQ, Ro = 1 kQ, and 
R3 = 4.7 kQ, as shown in Fig. 6-6. Calculate: 

a. The current drawn by each resistor. 

The total current from the source. 

The combined equivalent circuit resistance using b. 
The equivalent resistance using Eq. 6-4. 

The total current from the source using the resis- 
tance from d. 

f. The reading of an ammeter between R, and A>. 

g. The power dissipated in each resistor. 


e205 


I, = 40 mA 





FIGURE 6-6 


(b) Equivalent circuit Circuits for Example 6-5. 
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h. The total power delivered by the source. 
i. The voltage across Rz if an open circuit develops in 
Ro. 


Solution 


— (3-1a) 


a. /, 





lL = 


= I, + I, + I, 
= 10.9 + 24.0 + 5.1mA = 40 mA 


fot ait 
Reg Ri Re As 
re rn 
2.2 kX, 1kQ 4.7 kO 
1 1 1 


92x10°0  #1x10°9Q 47x 10°0 





(6-4) 





—~ 0.455 x 10°? + 1 x 107° +. 0.213 x 10°°S 


1.668 x 10 °S 


1 


= Teea x 107g ~ O00 


Therefore, Reg 


Note that this is essentially the same as using Eq. 6-6 
with a total circuit conductance of 1.668 mS. See Fig. 6- 
6b. 

V 

Pleg 
24V 
600 0 
f. The ammeter will indicate: 

|; — |, = 40 mA — 10.9 mA = 29.1 MA 

or Ip ss Is = 24 mA + 5.1 mA = 29.1 mA 


(3-8) 





e Ir = (3-1a) 


= 0.04A = 40mA 
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2 
= ——~— = 576 mW 


__ (4vP 
=o 


NOTE This is preferable to using P = /°R, since / is a result of 
a previous calculation and has been rounded off. 


h. Pr = P, + Po + Ps (5-3) 
= 262 + 576 + 123 mW 
= 961 mW 
or Pr = IReq (6-7) 
= (0.040 A)* x 600 9 = 960 mW 
or P; = Vi; (6-8) 


24 V x 0.040 A = 960 mW 


| 


i. If Ro is removed (due to an open circuit), the voltage 
across R3 will remain at 24 V even though the total 
source current will drop from 40 to 16 mA. This is 
because all the resistors are connected in parallel 
with the 24-V source.” 





As you have seen once again (in Example 6-5), the 
equivalent resistance (R.,) of a parallel circuit is 
smaller than the smallest branch resistance. In this 
case, R.g = 600 Q, while the smallest branch resistance 
was 1000 2 (1 kQ)). 

In fact, if a 600-© resistor is added to the circuit, in 
parallel with the other three resistors, the equivalent resis- 
tance of the circuit would drop to just one-half of the orig- 
inal amount, or 300 1. This takes place because another 
parallel path for current has been added, permitting more 
current to flow and resulting in a drop in equivalent resis- 
tance. Another way to look at this situation is to view it as 
an increase in conductance — Gr has increased, and Reg 
= 1/G, has decreased. 


*In practice, the 24-V source would have some internal resistance 
that would cause the terminal voltage available for the circuit to depend 
somewhat upon the total load current. A drop in this current would prob- 
ably cause some increase in voltage across the parallel circuit. In our 
circuit, in Fig. 6-6, we have assumed this internal resistance to be zero. 
We shall consider this topic in detail in Chapter 9. 


OTHER EQUIVALENT RESISTANCE EQUATIONS 


6-5 OTHER EQUIVALENT 
RESISTANCE EQUATIONS 


Two further equations are useful for parallel resistance net- 
works (circuits with resistors wired in parallel). 

For the special case in which the circuit contains 
only two parallel-wired resistors: 


_ RR, 
~ Ry + Rp 


_ product (of the 2 Rs in parallel) sSetevs 
~ sum (of the 2 Rs in parallel) 


And for N equal-valued resistors, each of resistance 
R, connected in parallel: 
R resistance of one resistor 
i ee 


N number of resistors 


Reg (6-10) 


(6-11) 


A notation used to show that resistors are wired in par- 
allel consists of two vertical parallel lines drawn between 
the resistors involved. For example, if three resistors (R;, 
R,, and R3) are wired in parallel, their equivalent resis- 
tance may be represented by Reg = Rj||R2||R3. 

For the special case of two parallel-connected resistors: 


R, X Ro 


Reg = RiIR> = 
q illRo Ry +R 


This notation is especially useful when you work with 
series-parallel circuits, which you will learn about in Chap- 
ter 7. 





EXAMPLE 6-6 


Calculate the equivalent resistance of a 2.2-kQ, resistor 
and a 4.7-kQ, resistor in parallel with each other, as in 
Fig. 6-7a. 


Solution 


R, xX Ro 


Reg = R,||R2 = R.+R 
1 2 


(6-10) 





(a) Original circuit 


(6b) Equivalent circuit 
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A A 
R, R» Req 
2.2 kD 4.7 kO 1.5 kO 
B B 
(a) Original circuit (6) Equivalent circuit 
FIGURE 6-7 


Circuits for Example 6-6. 


2.2kQ x 4.7 ka 
~ 22k04+47kO — 


10.34 (kQ)? 
6.9 kO 


Note that if this resistance is now combined with a 1- 
kQ resistor in parallel, using the same equation, we ob- 
tain: 

R,R. 
R.. = = 

7 Ry, + Ro 
1kQ x 1.5 kO 


“TK + 1.5kQ ~ OOK = G00.0 


(6-10) 


This is the same result as in Example 6-5. That is, we 
can repeatedly use Eq. 6-10 for any number of parallel 
resistors, provided that we consider them two at a time. 


EXAMPLE 6-7 


Three 600-© resistors are parallel-connected across a 
60-V source of emf, as in Fig. 6-8a. Calculate: 

a. The total circuit resistance. 

b. The total current drawn from the supply. 

c. The current in each parallel branch. 


Solution 


(6-11) 


200 


FIGURE 6-8 
Circuits for Example 6-7. 
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_ 6000 _ 200 2 
3 
V 
b I, = (3-1a 
ae ) 
60 V 
~~ 2000 © dai 


c. The total current of 0.3 A must divide equally among 
the three 600-© branches, so 0.1 A must flow in 
each branch. See Fig. 6-8a. 


6-6 CURRENT DIVISION 


If you examine Example 6-5 again, you will find that the 
current through the 2.2-kQ, resistor is approximately dou- 
ble the current flowing through the 4.7-kQ, resistor with 
which it is connected in parallel. This should not be sur- 
prising, because of the differing resistance values, but it 
does suggest a formula by which the current divides in a 
circuit with two parallel resistances. Consider a circuit in 
which there are two resistors in parallel and a total current 
(I,) that flows into those two resistors. (See Fig. 6-9). 

Although the source voltage is not shown, you could 
obtain it by 


Vai2, = he 
~~ d= eq i R, ra R, 
Then, 
av iy RRs 
1" R, Ry Ry + Ro 
Therefore, 


(6-12) 





FIGURE 6-9 
Current division in two parallel-connected resistors. 
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and 


I, =I7 X amperes (6-13) 


1 

The current division rules given in Eqs. 6-12 and 6-13 
apply only to two resistors connected in parallel. Note how 
opposite subscripts are used for the resistance numerator 
and for the branch current being determined. 


EXAMPLE 6-8 


A 1-kQ resistor (R;) and a 3.3-kQ resistor (R2) are in 
parallel with each other and have a combined current of 
16 mA through them. What is the current through each? 


Solution 


Ro 
se 
R; — Ro 
3.3 kD, 
1kQ 4+ 3.3 kO 
3.3 kD, 
4.3 kO 
= 16 mA x 0.767 = 12.3 mA 
A, 
i 
R, + Ro 
1 kO 
4.3 kQ, 
16 mA x 0.233 = 3.7 MA 


= (6-12) 


16 mA xX 


= 16mA x 





lL =! (6-13) 


16 mA xX 





PROOF I, 2 Ip = Ir 
12.3 + 3.7 = 16mA 


Note the way in which the current divides, so that ap- 
proximately one-quarter of the current passes through the 
3.3-kQ) resistor. (See Fig. 6-10.) 


I, = 16mA 
I; I, 
12.3 mA 3.7 mA 
Ry Ry 
1 kQ a.0 kf 


FIGURE 6-10 


Ip = 12.3 mA + 3.7 mA = 16mA Circuit for Example 6-8. 


SUMMARY 


Short-circuit 
a 
ia 
Cs 


Ls 

FIGURE 6-11 

Short circuit in a parallel network protected by a 
fuse. 






6-7 SHORT CIRCUITS 


As noted in Section 6-6, the opposite subscripts were used 
in Eqs. 6-12 and 6-13 for the resistance numerator and for 
the branch current being determined. The correctness of 
this can be shown by assuming that R, = 0 and determin- 
ing J: 


Ry 
a 
R, + Ro 

R 
Se 
0+ R, 


lL = Ip (6-12) 
=[;X1=I, 


That is, if the resistance of R, is zero, all of the current 
([7) will flow through it, and no current will flow through 
R>: 


SUMMARY 
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Short 
circuit 







Current goes 
through 
Short circuit 


R, 
Lh =h x —_ 6-13 
2 = Ir X RR, (6-13) 
0 0 
= I; = @) 


~ —_——— = — 

This condition, of course, represents a short circuit. In 
a parallel circuit, a short circuit in one branch will always 
result in no current flowing in the other branches. The cur- 
rent will follow the path of least resistance. It is important 
to note that the current flowing in a short circuit could be 
high enough to damage the circuit and source components. 
It would be limited only by the current capability of the 
source and its internal resistance. Figure 6-11 shows how 
a fuse or circuit breaker is connected in series with the 
source to prevent a large current flow if a short circuit 
occurs. 


1. Components connected in parallel have the same voltage across them. 
2. The current drawn by each component in a parallel circuit is determined by the 


resistance of the branch containing that component. 


3. Each branch in a parallel circuit is independent of the other branches, unless a 


Short circuit occurs. 


4. Kirchhoff’s current law states that the current into a junction equals the current 


out of the junction. 
[7 = I, =P I, - I, 


5. The equivalent resistance of a number of parallel-connected resistors may be ob- 


tained from 1/R., = 1/R, + 1/Ry + 1/R3. 


6. The equivalent resistance of a circuit containing a number of parallel resistors is 


always less than the smallest individual resistance. 
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7, Fora circuit containing only two parallel-connected resistors, the equivalent resis- 
tance is given by Reg = R,R2/(R; + Ro). 

8. For N resistors of equal value connected in parallel, each of resistance R, the 
equivalent resistance is given by R,, = R/N. 

9, The total conductance of a parallel circuit is given by Gr = G; + G2 + G3, and 
the equivalent resistance is given by R.g = 1/Gr. 

10. The total power dissipated in a parallel circuit is given by Pr = P; + Py + Ps. 

11. For two parallel-connected resistors with a total current /7, the current-division 
rule gives the current through each resistor by 1; = Ir =i and J, = 

R, + Rp 
Ry 
i —— 

12. A short circuit in any one branch of a parallel circuit causes a large current to 
flow from the source through that branch, reducing the current in the other 
branches to zero. 

SELF-EXAMINATION 


Answer true or false or a, b, c, d 
(Answers at back of book) 


6-1. 
6-2. 
6-3. 


6-4. 


6-5. 


6-6. 


6-7. 


6-8. 


6-9. 


A junction requires the connection of three or more wires. 

Kirchhoff’s current law applies only to a parallel circuit. 

In Fig. 6-3a, the branch currents will be equal to each other only if all the 
branch resistances are equal. 

In a parallel circuit the combined equivalent resistance is always larger than the 
smallest resistance. 


If, in Fig. 6-6, R» is twice as large as R, and only half as large as Rs, the 
smallest current flows in: 

a. R, 

b. R> 

c. R; 

For the same conditions as in Question 6-5, the largest current flows in: 

a. R, 

b. R, 

c. R; 


For the same conditions as in Question 6-5, the ammeter in Fig. 6-6 will have 
a reading compared with the current through R, that is 

a. larger 

b. smaller 

c. the same 


Two 20-kQ resistors and a 10-kQ resistor are connected in parallel across a 50- 
V source. Their combined equivalent resistance is 

a. 30kQ 

b. 50 kO 

c. 10kQ 

d. 5kO 


The branch currents in Question 6-8 are 
a. all242mA 
b. alll mA 
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c. 2AmA, 24mA,5 mA 
d. 1.25 mA, 1.25 mA, 5 mA 
6-10. The total source current in Question 6-8 is 


a. TYamA 

b. 3mA 

c. 10mA 

d. 1mA 

6-11. The total power delivered by the source in Question 6-8 is 

a. 375 mW 

b. 150 mW 

c. 0.5 W 

d. SO mW 


6-12. One million 1-M@ resistors, if connected in parallel, would have a combined 
resistance of: 
a. 1 MO ce 1LkO 
b. 1 mO d 1Q0 

6-13. A 4-Q and an 8-Q resistor in parallel have a combined resistance of 


a. 60 

b. 27240 
c 2AO 
d. 120 


6-14. If the two resistors in Question 6-13 have a total current of 24 mA flowing 
through them, the current in the 8-Q, resistor is 


a. 8mA 

b. 16mA 
c. 12 mA 
d. 24mA 


6-15. If a short circuit develops in the 4-Q resistor of Question 6-14, the current in 
the 8-( resistor will be 


a. 24 mA 
b. OmA 
c. 16mA 
d. 8 mA 


REVIEW QUESTIONS 


1. What advantages does a parallel circuit have compared with a series circuit? 

2. In what ways is a parallel circuit ‘‘opposite’’ to a series circuit? (Name at least 
three. ) 

3. In what ways is a parallel circuit similar to a series circuit? (Name at least two.) 

4. Justify why the equivalent resistance of a parallel circuit must be less than the 
smallest branch resistance. 

5. Why does ‘‘adding’’ a resistor in a parallel circuit decrease the total combined 
resistance but increase the total in a series circuit? 

6. Justify why it is possible to add conductances to obtain the total conductance in a 
parallel circuit, but not in a series circuit. 

7. What electrical equations are the same for a parallel circuit as for a series circuit? 
Why is this so? 
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8. Derive the equation for two resistors in parallel, Eq. 6-10, from the reciprocal 
equation, Eq. 6-4. 
9. Use the current division equations (6-12 and 6-13) to determine what current flows 
in each resistor when an open circuit occurs in R; (Rj = ©). 
10. Why can a short circuit cause damaging currents in a parallel circuit whereas it is 
less likely to happen in a series circuit? 


~ PROBLEMS 


(Answers to odd-numbered problems at back of book) 

6-1. What is the equivalent resistance of a parallel circuit consisting of R; = 100 Q, 
R, = 220 Q, and R3 = 330 Q? 

6-2. What is the equivalent resistance of a parallel circuit consisting of R; = 100 
kO, Ro = 220 kQ, and R3 = 330 kQ)? 

6-3. Repeat Problem 6-1 using R; = 10 kQ, Ry = 6.8 kO, and R3 = 1 MQ. 

6-4. What is the total conductance of the parallel circuit in Problem 6-2? 

6-5. <A resistor of conductance 750 wS is connected in parallel with a component 
having a conductance of 50 mS. What is the equivalent resistance of the com- 
bination? 

6-6. What is the total current when the parallel circuit of Problem 6-2 is connected 
across a 40-V source of emf? 

6-7. What is the total power dissipated in the three resistors of Problem 6-1 when 
the parallel circuit is connected across a 120-V supply? 

6-8. Three 120-V lamps, rated at 60 W, 100 W, and 200 W, are connected in par- 
allel to a 120-V supply. Find the equivalent hot resistance of this combination 
in the following two ways: 

a. Find the individual resistances and combine them. 
b. Find the total power and solve for R. 
6-9. Given the circuit in Fig. 6-12, calculate: 
a. The missing values. 
b. The total power delivered by the source. 





FIGURE 6-12 
Circuit for Problems 6-9 and 6-10. 


6-10. What single resistance should be added to the circuit in Fig. 6-12 to: 
a. Double the current? 
b. Triple the current? 
6-11. A 120-V source that can deliver a maximum of 20 A is connected to a 1500-W 
electric frying pan and a 600-W coffee maker. Calculate: 
a. The smallest resistance that may be connected in parallel with the two given 
loads without exceeding the maximum supply current. 
b. The total resistance of the parallel circuit before and after connecting the 
resistance. 
6-12. Given the circuit in Fig. 6-13, find the missing values. 
6-13. What resistance must be connected across a 2.2-kQ resistor to produce a total 
resistance of 1.5 kQ)? 
6-14. What resistance must be placed in parallel with a 33-kQ resistor to produce a 
total conductance of 50 wS? 
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Ip =? 10 mA I3 =? 


500 2 


FIGURE 6-13 
Circuit for Problem 6-12. 





6-15. Three resistors in parallel draw a total current of 7 mA. The first resistor dissi- 
pates 50 mW; the second resistor has a voltage drop of 20 V; and the third 
resistor has a resistance of 10 kQ. Determine the resistance of the first two 
resistors. 

6-16. Three resistors in parallel draw a total current of 10 mA and dissipate a total 
power of 500 mW. If the first resistor draws 5 mA and the second and third 
resistors are equal in value, determine the resistance of all three resistors. 

6-17. A 47-kQ and a 51-kO, resistor are connected in parallel and draw a total of 12 
mA. 

a. How much current passes through each resistor? 
b. What must be the minimum power rating of each? 

6-18. What is the largest resistance that can be connected in parallel with a 10-kQ, 1- 
W resistor if the combination must handle a total of 25 mA? What is the power 
rating of this resistor? 

6-19. Given the circuit in Fig. 6-14, find the missing values. 


i= 
“- — 


? 
‘Ir = 50mA 


FIGURE 6-14 
Circuit for Problems 6-19 and 6-20. 





6-20. If V in Fig. 6-14 is shorted, what is the new current through the 1-kO resistor? 

6-21. Given the circuit in Fig. 6-15, find the missing values. 

6-22. How much resistance must be connected in parallel with a 22-kQ and a 10-kO 
resistor to produce a resistance of 5 kQ)? 

6-23. If the three resistors in Problem 6-1 are each rated at 2 W, what is the highest 
voltage that can safely be applied to the parallel combination? 

6-24. How many parallel-connected 25-W Christmas tree lamps can be supplied from 
a 120-V source fused at 15 A? 

6-25. The total current drawn by the three resistors in Problem 6-2 is 3 mA. What is 
the current through each resistor? 

6-26. Six equal resistors are to be connected in parallel with a 100-kQ resistor to drop 
the overall resistance to 40 kQ. What must be the value of each of the six 
resistors? 


FIGURE 6-15 
Circuit for Problem 6-21. 








SERIES- 
PARALLEL AND 
VOLTAGE- 
DIVIDER 
CIRCUITS 





A practical circuit is seldom a truly series or truly parallel circuit. 
For example, when a fuse is inserted in series with a power 
supply and its parallel-connected loads, the result is a series- 
parallel circuit. Similarly, the internal resistance of a voltage 
source or the resistance of feeder lines results in series-parallel 
circuits. All of the rules and laws developed separately for series 
and parallel circuits, however, can be applied to the series-parallel 
combination. 

An important use of series and parallel principles is in voltage- 
divider circuits. These circuits permit a load to operate at a voltage 
different from the immediately available supply voltage. 
Sometimes, this is accomplished simply by the use of a series 
dropping resistor. A bleeder resistor may be added to improve 
voltage regulation with varying loads. In some transistor and 
integrated circuit power supplies, both positive and negative 
potentials with respect to ground often must be provided. In this 
chapter, you will learn how to select the resistors for such a 
loaded voltage-divider network. 
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7-1 SERIES-PARALLEL RESISTOR 
CIRCUITS 


When a parallel bank of resistors is connected in series 
with another resistor or parallel group of components, 
a series-parallel circuit is formed. (See Fig. 7-la.) To 
solve for the currents and voltage drops in such a circuit, 
you must combine the methods you learned in Chapters 5 
and 6. In general, the series circuit rules are applied to the 
series portions of the circuit, and the parallel circuit rules 
to the parallel portions. Some general observations can be 
made about the series-parallel circuit shown in Fig. 7-1. 


1. Resistors R, and R, are in series with each other 
because they both have the same current. (The 
current that leaves the battery and passes through R, 
must return to the battery through R,.) 

2. Resistors R2 and R3 are in parallel with each other 
because there is the same voltage across them. (A 
voltmeter connected from B to C indicates the same 
voltage as from B’ to C’.) 

3. The parallel combination of R» and R3 is in series 
with R,; and Ry. (The equivalent resistance of R, and 
R3 carries the same current as R, and Ry. See Fig. 7- 
1b.) 

4. The current through either R, or R; is less than the 
current through R,. (The current through R, must 





(a) Original circuit 


B 





(6) Equivalent circuit for parallel portion = R 
FIGURE 7-1 
Simplification of a series-parallel circuit. 


eq 
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split up or divide into two smaller currents at 
junction B.) 
5. The sum of the two currents through R, and R3 must 
equal /7. That is, the total current must equal the 
sum of the branch currents (Kirchhoff’s current law). 
Only half as much current flows through R, as flows 
through R3 because the resistance of R, is twice that 
of R3 (current division equation). 
7. The sum of the voltage drops around either loop 
(ABCD or AB'C'D) equals the applied voltage, as 
described by Kirchhoff’s voltage law. 


, 


NOTE The voltage drop across a parallel circuit is counted only 
once when determining the total of the voltage drops around a 
complete circuit. 


The current and voltages in Fig. 7-la will be found in 
Example 7-2. 


encase iigsclamaeclceenin 
EXAMPLE 7-1 


Using the circuit shown in Fig. 7-2, calculate: 
a. The total resistance of the circuit. 


b. The current drawn from the source. 

c. The current through the 60-0 resistor. 

d. The voltage across the 24-0 resistor. 
+ 

Ve =12V 


= 240 


(c) Final equivalent circuit 
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(a) Original circuit 


(b) Reduced to a series 
circuit 


Solution 


a. The equivalent resistance of the two parallel-con- 


nected resistors is 
R, x Ro 





= As = 6-10 
Flea R,|| 2 R, 4 R. ( ) 
_ 40 Q x 60 0 
~ 400 + 600 
2400 
= — Q, = 240) 
100 
See Fig. 7-2. 
The total resistance of the series circuit is 
Rr —_ Figs i R3 
—~ 9404+ 240 = 48 Q0 
See Fig. 7-2c. 
V 
= — 3-la 
b. I; R, ( ) 
_48V _ap 
48 
R; 
6 ls =Ir x R, + Ro (6-13) 
40 0 
1A xX ——— 
* 400 + 600 
40 0 
“TAX ag ee Oe ee 
d. Vp, = 17Rs (3—1b) 


~1Ax 240 =24V 


EXAMPLE 7:2 


For the series-parallel resistor circuit shown in Fig. 7-1, 
calculate: 

a. The total resistance “seen” by the 72-V source. 

b. The current delivered by the battery. 
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I7=1A 


FIGURE 7-2 
Circuits for Example 7-1. 


(c) Final equivalent 
circuit 


c. The voltage drops across the resistors. 
d. The currents through the two parallel-connected re- 
sistors. 


Solution 
a. The total resistance of the whole circuit is given by 


R, + RollRs + Ry 

120 x6O 
120460 
802+49+4120 = 240 


Rr 


=80+ + 120 


See Fig. 7-1c. 
b. The current delivered by the battery is 


l; = (3-1a) 


24 0, 
c. The voltage drop across any resistance is given by 


V=IR (3-1b) 
Va, = Ri = 3A X 8D = 24V 
Vag = IReg = 3AX 40 = 12V 
Va, = IRa = 3A xX 120 = 36V 


Note that Va, + VR oc + Ve, = 72 V. 
d. The branch currents are 


on 
| 
F 
I 

NO 

> 


and lI, + Ig = 
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or p= tr xX Be (6-12) 
60 
NN Coe eH 
es eee 
7 18 3 
is IX BR 
120 
oN eo + 6H 
120 2 
I oA XS = ah 


EXAMPLE 7-3 


Using the circuit shown in Fig. 7-3, calculate: 


a. The total resistance connected across the 40-V 
source. 
b. The current drawn from the source. 
c. The total power delivered by the source. 
d. The power dissipated by Ax. 
e. The voltage drop across R,. 
Solution 
a. Resistors R. and RAR; are in series: 








Flag 4 = Ro + Rg 
= 2k0Q+4+ 4kQ = 6kO 


(c) Req2 = (Ro + R3) Il Ra 


FIGURE 7-3 
Circuits for Example 7-3. 


(6) Ro and R3 in series 


(dq) Reg3 = Ri + Reg 2 
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See Fig. 7-3b. 
Reg 1 is in parallel with A,: 
Fleg a> RegillR 
_ 6kO x 3 kO 
~ 6kOX + 3kO 
= be kKQ = 2kQO 
9 
See Fig. 7-3c. 


Reqs = Rego + Ry 
2kQ + 1kQ = 3kO 


See Fig. 7-3d. 
Rr a Req allR; 
_ 3kQ xX 5kO 
3kQ + 5kO 
= kQ = 1.875 kQO 
See Fig. 7-3e. 
,-¥ 
r= R- (3-1a) 
40 V 
iasko 
Pr = Vrlr (5-4) 
= 40 V x 21.3 mA 
= 852 mW 





(e) Final equivalent circuit 
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d. To find the power dissipated in R,, you must find the 
current through Ay4. First, find the current through 





Flsg 6: 
V 
| = 3-1a 
Rea s (3-1a) 
40 V 
- 3K 13.3 mA 
Then 
= Reg 1 
IR, | x Roos + Pa (6-12) 
6 kQO 
= Ngee EG. oko 
= 13.3 mA xX : = 8.9mA 
Pr, — Ih, x R, (3-7) 


= (8.9 x 10°°A)? x 3 x 10° 
= 237 x 10°? W = 237 mW 
e. The current through A, is the same as through Reg s, 
which was found to be 13.3 mA. 


Va. = IR; (3-1b) 


13.3 mA xX 1 kQ 
13.3 x 10°°A x 1x 10°O = 13.3 V 


a T 


Example 7-4 shows a circuit with two parallel groups 
that are in series with a resistor and two opposing voltage 
sources. 


a 


EXAMPLE 7-4 


Given the series-parallel resistor network in Fig. 7-4a, 
calculate: 

The total circuit resistance. 

The total supply current. 

The current through AR, and Ro. 

The voltage drop across Ro. 

The voltage drop across Rs. 

The voltage drop across As. 

The current through R,, Rs, and Re. 

The voltage at B with respect to A. 

The power delivered by Vs. 

The total power dissipated by all the resistors. 
The power recharging voltage source Vj. 


AT Tare aos 


Solution 
a. For R, and Az in parallel in Fig. 7-4a, 
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R,R> 
R, + Ro 
1kO x 2.2 kO 


ea, Wey 7) eal 


Flea 4 = R,||Re 


(6-10) 


For R,, Rs and Re in parallel in Fig. 7-4a, 


ere Nene ea (6-4) 
Req 2 R, Rs Re 
1 n 1 ¥ 1 
47kQ 51kQ 68 kO 
0.213 x 10°°S + 0.196 x 10°°S 
0.147 x 10°°S 
0.556 x 10° °S 














l + il 


1 
0.556 x 10 °S 
Using Figs. 7-46 and 7-4c, we obtain 


Therefore, Reg 2 = = 1799 0 


Rr = Reg 1 + Rg + Req 2 (5-2) 
= 688 + 3,300 + 1,799 = 5787 © 


b. From Fig. 7-4c, 
Vv 
Rr 
Vo — V; 
Rr 
—30-10V 20V 
~ 5.787kQ ~——*5.787 kA 


i= 


(3-1a) 


= 3.46 mA 


This value of /; is the same as that shown in Figs. 
7-4a and 7-4b. 


C. R> 


L=hx Re + Re oo Ko (6-12) 
= 3.46 . Th + 22kO = 2.38 mA 
I, = I; X R. + Re a (6-13) 
= 3.46 mA x 7kO 4 22ka = 1.08 mA 
CHECK /7 = /, + lo = 2.38 + 1.08 = 3.46 mA 
d. From Fig. 7-4a, 
Ve, = loRo (3-1b) 


2 


1.08 MA X 2.2 kQ = 2.38 V 


CHECK 
Vr, = 1,R, 


= 2.38 mA x 1kO = 2.38 V 
e. From Fig. 7-4a, 
Va, = IRs (3-1b) 
= 3.46 mA x 3.3 kO = 11.42 V 
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I, R, 





V,=10V 


(a) Original circuit 


Ir Regi R3 R 


eq 2 







Ryihs||\Re 


Symbol for: “in parallel with” 


(6) Simplified equivalent series circuit 





FIGURE 7-4 
(c) Total equivalent resistance R, Circuits for Example 7-4. 
f. From Fig. 7-46, _ 62V _ 
Vas = ItReq 2 (3-1b) “@e0 
= 346 mA x 17990 = 6.2V CHECK /; = /, + Is + Ie = 1.32 + 1.22 + 0.92 = 3.46mA 


h. Vas = Vo = Va, 





g. iy = Vig (3-1) = +30 — 2.38 = +27.62V 
R, Thus point B is — 27.62 V with respect to point A. 
_ = = {ao i. Power delivered by V5 is 
V P2 = V2. xX Ir (5-4) 
I; = = (3-1a) = 30V x 3.46 mA = 104 mw 
5 
_ 62V _ oon j. Power dissipated by all the circuit 
5.1kQ | resistors = /FR; (5-4) 
V - ~3 q\2 
La (3-1a) = (3.46 x 10°° A)? x 57870 
Re = 69.3 mW 
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k. Power delivered to V, in recharging it 


P, = V; x I; (5-4) 
10V x 3.46 x 10° °A 
= 34.6 mW 


CHECK The power dissipated in all the resistors 


= Pr — P; = (104 — 34.6) mw 
~ 69.4 mW 





Note that there are various methods for checking the 
validity and accuracy of calculations, as shown in Exam- 
ple 7-4. 


7-1.1. Series-Parallel Ladder Circuits 


A method of drawing a series-parallel circuit widely used 
in industry is the ‘‘ladder’’ schematic diagram. This type 
of schematic shows the circuit component symbols on hor- 





2.5 kQ 
(a) Original circuit 





2.5 kQ 
(c) Reduction to parallel circuit 


24 V 


Rr 


1.25 kQ 
(d) Final circuit 
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izontal lines between two vertical lines that are connected 
to the source. (See Fig. 7-5.) The reduction of such a cir- 
cuit to a single resistance is done in the same way shown 
earlier. Example 7-5 illustrates the method. 





EXAMPLE 7-5 
For the ladder circuit shown in Fig. 7-5a, find the total 
resistance and the total current supplied by the source. 
Solution 
Refer to Fig. 7-5b: 


3 k 
Rea 1 = Ra||R3 = 2) = 1.5 kQ 
Req a= RellRellR7 = 


Refer to Fig. 7-5c: 
Req 3 = R;, — Req + 3 R, 


24 V O 


2.5 kQ 


2.5 kQ 


(b) Reqi = Re .R3; Req2 = Rs |i Re |i R7 


FIGURE 7-5 
Example of a series-parallel ladder circuit. 
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= 1kQ + 1.5kQ 4+ 2.5 kO = 5 kO 
Reg 4 = Rego + Re 
= 2k0 + 3kQ = 5kO 


Refer to Fig. 7-5d: 


Rr; = Flea allReq allo 
= 5 kQII5 kM|i2.5 kO 
5 kQ 
= 12.5 ko 
= 2.5 kMl2.5 ko 


= ao = 1.25 kQ 











Ladder diagrams are used extensively for drawing con- 
trol circuits. In these circuits, a low voltage (commonly 24 
V) is used to energize relays. A relay is a magnetically 
operated switch that controls the flow of current from a 
higher voltage (usually 120 V or 240 V) source to a motor 
or other type of load. Relays are discussed in Chapter 11. 
Figure 7-6 shows a simple example of a ladder diagram 
involving both high-voltage loads and low-voltage control. 

A transformer “‘steps down’’ the 120-V supply to 24 V 
for the control circuit. When switch S is closed and the 
ON button is pressed, a path is completed for current to 
flow through the relay coil A (the OFF button is in a ‘‘nor- 
mally closed’’ condition). The flow of current through the 
relay coil turns it into an electromagnet (‘‘energizes’’ it), 
causing it to close two sets of switch contacts. These con- 
tacts are shown by the symbol 4 fF. 

One set of these switch contacts is connected in parallel 
with the ON button, providing a path for current to con- 
tinue to flow through coil A after the spring-loaded ON 
button is released. This is called a holding or maintained 
contact circuit. 

The second set of contacts completes a circuit to a high- 
voltage load (in this case, the lathe motor). The motor will 
continue to run until the OFF switch is momentarily de- 
pressed, opening the circuit and de-energizing coil A (thus 
opening the switch contacts controlled by that coil). 

The overload switch (marked O/L on the diagram) is 
designed to open the circuit if the motor overloads and 
begins to overheat. The heat generated by excessive motor 
current will open the overload switch contacts, de-energiz- 
ing coil A and stopping the motor. 
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s 
©) 
az Fuse 
| 
Lathe motor 
A winding 
000 0 
B Oil pump motor 
00000 
00000 
Transformer 
0000 
24 V 
ON 
OFF st, ig 
2 m0 x (A) 
A 
Relay coils 
Pump switch 
ac ®) 
ay, 
FIGURE 7-6 


Example of a series-parallel ladder schematic. 


In.this circuit, relay coil B controls the lathe’s oil pump 
motor. The pump switch shown on the diagram closes 
whenever the level of the cutting oil in a reservoir becomes 
too low. The closing of the switch allows current to flow 
to relay coil B, energizing it and completing the circuit to 
the oil pump motor. The motor will operate until the oil 
level in the reservoir rises enough to open the switch. 

In this circuit, the only loads are the motors and relay 
coils. The current paths provided by the opening and clos- 
ing of switches make it an example of a series-parallel 
circuit. 


7-1.2 Practical Series-Parallel Circuit 


In practice, most circuits are of the series-parallel type. 
Every voltage source, for example, has some internal re- 
sistance, as shown in Fig. 7-7. 


R» 





FIGURE 7-7 
A series-parallel circuit due to the internal 
resistance of the voltage source. 


This means that, although a number of loads may be 
connected in parallel across the source, the internal resis- 
tance is in series with those parallel-connected loads. (The 
internal resistance is inside the source, and cannot be sep- 
arated from the emf of the source.) 

A truly parallel circuit is possible only when the inter- 
nal resistance of the source is negligible. In the same way, 
the circuit can be truly parallel only if the leads from the 
source to load have negligible resistance. If the source and 
the load are some distance apart, the resistance of the 
feeder line must be taken into account, as shown in Ex- 
ample 7-6. 





EXAMPLE 7-6 


An electric motor and an electric heater are to be oper- 

ated in parallel with each other at a distance of 200 m 

from a 220-V source of emf. The current drawn by the 

motor is 16 A and the resistance of the heater is 20 ©. If 

the total voltage drop in the line must not exceed 10% of 

the source voltage, calculate: 

a. The minimum wire gauge to be used for the copper 
feeder line. 

b. The power dissipated in the feeder line. 

c. The power delivered to the load. 

d. The power supplied by the source. 


Assume that the source has negligible internal resis- 
tance. See Fig. 7-8. 

Solution 
a. Total permissible voltage drop 


10% of 220 V = 22 V 


I 


Load voltage = 220 V — 22 V = 198 V 


V 
Heater current = A (3-1a) 
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FIGURE 7-8 
Circuit for Example 7-6. 


198 V 
= 300 > 9.9A 
Total line current = 9.9A+ 16A= 259A 


Maximum resistance of total 











V 
feeder line = i, (3-1) 
T 
22 V 
= 559A 0.85 0 
Maximum resistance of each line, 
line — ee = = 0.425 0 
2 
ol 
Pes - 
line A (4 1) 
ol 
Therefore, A = 
Riine 
_ 1.72 x 10°?Q-m x 200m 
7 0.425 O 
= 8.09 x 10° m? 
ad? 
ia 4 


so that d = [2 
7 
_ /4 x 8.09 x 107° m® 
7 T 


321 x 1072? m 


Thus the minimum diameter of the wire is 3.21 mm. 
Referring to Appendix C, we find that the minimum 
AWG size of wire is gauge number 8 (3.26 mm). 


NOTE If we had selected the wire according to its current-car- 
rying capacity, a number 10 gauge wire (30 A without overheat- 
ing) would have been too small and would have caused too high 
a voltage drop. 
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Also, after determining that the maximum resistance should 
be 0.425 for 200 m, we know that the resistance is 0.425 0 x 
5 or 2.125 Q/km, maximum. From the wire gauge table, Appen- 
dix C, we see that number 8 gauge has a resistance of 2.06 
Q/km, and may be used. 


b. Since the diameter of the number 8 gauge wire is 
practically equal to the calculated value, we can use 
the voltages and currents calculated in part (a). 
Power dissipated in the line 


= iF x 2Riine 


(25.9 A)? x 2 x 0.425 0 
570 W 


(3-7) 


c. Power delivered to the load 


= V x I; 
198 V x 259A 
5128 W 


(3-5) 


d. Power supplied by source = 570 W + 5128 W 
= 5698 W 


Vx, 
= 220 V x 25.9A = 5698 W 


(3-5) 


or power 


Note how 10% of the power supplied by the source 
is “lost” in the line. This is because we have permit- 
ted a 10% voltage drop to occur due to the resis- 
tance of the line. 


7-1.3 Thermistor-Resistor Series- 
Parallel Circuit 


An interesting series-parallel circuit is a string of lights in 
which each series-wired lamp has a thermistor in parallel 
with it. (See Fig. 7-9.) 


Broken filament 













I~0 


FIGURE 7-9 


I= I> 
N\ 
Ip wy) 


My 





119 


When a thermistor is cold, its resistance is high and 
very little current flows through it. This means that the 
string of lights is an essentially series circuit, if all the 
lamps are operating properly. But if a lamp burns out, the 
current must pass through the thermistor wired in parallel 
with it. The increased current flow will raise the tempera- 
ture of the thermistor, causing its resistance to decrease 
(ideally, to a value close to that of a hot lamp filament). 
This allows the other lamps in the circuit to continue op- 
erating at normal voltage and current. With this type of 
circuit, it is easy to find and replace the burned-out lamp. 
In a true series circuit, of course, the failure of one lamp 
causes all the others to stop operating. This makes locating 
the failed lamp difficult. 


7-2 VOLTAGE DIVIDERS 


A common problem in electronic circuit design is to pro- 
vide power to a load at a voltage different from the source 
voltage. In some cases, a number of loads—each with dif- 
ferent voltage and current requirements—must operate 
from a common supply. The following examples illustrate 
the use of principles you have learned in the preceding 
chapters to design three typical voltage-divider networks. 


7-2.1 Series-Dropping Resistor 





EXAMPLE 7-7 


A 9-V transistor radio is to be operated from a 12-V au- 
tomobile battery. If the average load current of the radio 
is 100 mA, calculate the value and the power rating of 





Series-parallel circuit with a thermistor across each lamp. 


120 


Series-dropping 
resistor 


100 mA 





FIGURE 7-10 
Circuit for Example 7-7. 


the required series-dropping resistor (using the nearest 
commercial values). 


Solution 


Draw the circuit shown in Fig. 7-10, entering all the 
known values. The voltage dropped across R must be 
Ve = 12V —9V =3V. Using Ohm's law, you obtain 


V 
pe = (3-1) 
oe 30 2 (use a 33-© resistor) 
— 01A 
Pp = Val 


=3Vx01A=03W 
(use a power rating of 2 W) 


(3-5) 


The nearest standard value resistor that would be suit- 
able would be 33 ©, +10% with a power rating of 3 W. 





The disadvantage of the circuit in Example 7-7 is that it 
allows load voltage to vary with load current. For exam- 
ple, if the radio’s volume is increased, the load current 
will increase—possibly to as much as 200 mA. As a re- 
sult, the voltage drop across the series-dropping resistor 
would increase to 6 V (with a 200-mA current), leaving 
only 6 V for the load. 

This reduced voltage could cause distortion in the audio 
section of the radio. If the current is reduced, on the other 
hand, the load voltage will increase toward a maximum of 
12 V at no load. 


7-2.2 Bleeder Resistor 


It is possible to overcome this problem to some degree by 
adding a bleeder resistor to the circuit. This resistor is 
placed in parallel with the load, and should draw about 
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10% to 25% of the total current from the source. (See Exam- 
ple 7-8.) 





EXAMPLE 7-8 


Design a simple voltage divider with a series-dropping 
resistor and a bleeder resistor to provide 9 V at a load 
current of 100 mA from a 12-V supply. Use a bleeder 
current of (a) 30 mA, (b) 100 mA, determining the no- 
load voltage in each case. Use commercial values for all 
resistors. See Fig. 7-11. 


Solution 


a. lps=iat+h 
30 mA + 100 mA = 130 mA 
Vee = 12V-9V=3V 


Ss 





Vas 
Therefore, Rs = 7 (3-1) 
S 
3 V 
~ 130 mA —- 
PRs = Vag! s (3-5) 
=3V x 0.13A = 0.39 W 
Use a 22-0, 5%, 1-W resistor, for Rg. 
Vag = 9V, I, = 30 mA 
Vip 
Therefore, Rg = a7 (3-1) 
B 
9V 
30 mA 300 
Pps = Vrgle (3-5) 


= 9V x 0.03A = 0.27 W 


Use a 300-20, 5%, 3-W resistor for Rg. With the load 
disconnected 










Bleeder 9V 
resistor 


FIGURE 7-11 
Circuit for Example 7-8. 
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te 

Re + Rs 

300 2 
300 2 + 220 


Vag = V (5-5) 


12 V x = 11.2 V 

b. Using /s = 100 mA, the required values are Rs = 
15 ©, 5%, 0.6 W (1 W) and Rg = 90 ©, 0.9 W (91 
0, 5%, 2 W). 


Re 
x — 
Re + Rs 
91 0 
914) + 150 


unloaded Vz, = V (5-5) 


12 V x = 10.3 V 


As shown in Example 7-8, a larger bleeder current pro- 
vides an unloaded output voltage of 10.3 V, which is 
closer to the loaded value of 9 V. This provides better 
voltage regulation, but draws more power from the source 
and wastes it in the form of heat in the divider resistors. 

A better form of regulation is obtained by connecting a 
Zener diode in place of Rg. Zener diodes, which are often 
used in situations where wide variations in load current 
might occur, are covered briefly in Section 28-7.1. Where 
the load current is relatively constant, however, the 
bleeder resistor circuit shown in Fig. 7-11 is adequate. 


7-2.3 Positive and Negative Potentials 


It is possible to design a voltage divider that provides both 
positive and negative output potentials. Such a divider is 
shown in Example 7-9. 


I, =10mA 


i. 
40 V = ‘Ro | R 
= 40 mA 2 


40mA (950 mA | 


10 mA | 


Ip = 100 mA Ip = 20mA 
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EXAMPLE 7-9 


Determine the resistance and power values of R;, Ro, 
and Az in Fig. 7-12 to provide +25 V at 10 mA for load 
A, +15 V at 50 mA for load B, and —15 V at 20 mA for 
load C from a 40-V source of emf with a total current of 
100 mA. 


Solution 


To find the resistances of R;, Re, and Rs, we need the 
voltage drop across each and the current through each. 


At junction W, Ir = I, + In, (6-1) 
Ir — Ip 


= 100 mA — 10 mA = 90 mA 


Therefore, /p : 


At junction X, In, = Ie + Ir, (6-1) 


Therefore, /p, = Ip, — Ip 


= 90 mA — 50 mA = 40 mA 


At junction Y, Ir = Io + Ing (6-1) 


Therefore, /p, = Ir — Ic 

= 100 mA — 20 mA = 80mA 
NOTE At junction Z, 40 mA must be flowing “in” from the 
ground connection. This is because 60 mA total is “returning” 
from loads A and B, but 20 mA is flowing “out” to load C. The 


ground is positive, as far as the top side of load C is concerned, 
with respect to Y. 


Clearly, from Fig. 7-12, 
VRg = 15 V and Vr, = 15V 


FIGURE 7-12 


0-15V  Voltage-divider circuit for Example 7-9. 
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Vr, = load A voltage — load B voltage = 15V x 0.04A = 0.6 W 
= 25V-15V=10V (390 Q, 5%, 1 W) 
Vr _ Vs 
Ry, = _ (3-1) R3 = i (3-1) 
R, 3 
15 V 
— 10V | = = 187.5 © 
=s na Via 80 mA 
P, = Va,/r, (3-5) Ps = Valrg (3-5) 
= 10 V x 0.09 A = 0.9 W = 15V x 0.08 A = 1.2 W 
(110 0, 5% 2 W) (180 ©, 5%, 2 W) 
V, 
Ro = —_ (3-1) NOTE When selecting resistors, it is good practice to select 
Ino power ratings approximately double their calculated values. 
15 V Thus, in Example 7-9, R; should be selected as a 2-W resistor, 
a 375 © allowing it to safely handle the expected 0.9-W dissipation. 
Choosing a 2-W rating, rather than 1 W, will increase the relia- 
P. = Vale, (3-5) bility of the resistor, since it will not be working near its 1-W limit. 





SUMMARY 


1. A series-parallel circuit includes both series- and parallel-connected components, 
with series and parallel rules applying to their respective portions of the circuit. 

2. Most practical circuits are actually series-parallel, due to internal resistance in the 
source or resistance in the connecting leads. 

3. A string of series-connected lights, with thermistors connected in parallel with 
each lamp, will continue to operate if one of the lamps fails. The thermistor pro- 
vides a low-resistance path for current to flow. 

4. Voltage-divider circuits allow a load to operate at a voltage different from the 
immediately available supply voltage. 

5. A single resistor can be connected in series between the source and the load to 
drop voltage to a suitable value, depending upon the load current. 

6. If load current varies widely, a series-dropping resistor voltage divider is not the 
best choice for good voltage regulation. It allows large changes in load voltage as 
load current varies. 

7. A bleeder resistor can be connected in parallel with the load to improve the voltage 
regulation of a circuit that employs a series-dropping resistor voltage divider. 

8. The current drawn by a bleeder resistor should be from 10% to 25% of the total 
current from the source. 

9. The design of a loaded voltage divider network to provide both positive and neg- 
ative potentials involves the use of Kirchhoff’s current law to determine the cur- 
rent through each of the required resistors. 


SELF-EXAMINATION 


Answer T or F or, in the case of multiple choice, a, b, c, or d 
(Answers at back of book) 
7-1. In Fig. 7-la, resistors R, and Ry are in series with each other. 





REVIEW QUESTIONS 


7-2. 
7-3. 


7-4. 


7-5. 


7-6. 


7-7. 


7-10. 


7-11. 


7-12. 


7-13. 


7-14. 
7-15. 


7-16. 


In Fig. 7-la, resistors R,;, Ry, and R, are in series with each other. 

In any series-parallel circuit, the largest current always flows in the smallest 
resistance. 

The total resistance of a series-parallel circuit is always less than the smallest 
parallel resistor. 

In Fig. 7-4a, the following resistors are in series: 

a. R, and R; c. Both of the above. 

b. R> and R3 d. None of the above. 


Refer to Fig. 7-4a. 

a. Resistors R,, R3, and R, are in c. Resistors Ry, Rs, and Re are 
series. in parallel. 

b. Resistors R», R3, and R, are in d. All the above. 
series. 


Refer to Fig. 7-4. Assume that R, and R» are each twice as large as R3 and 
assume that R4, Rs, and Re are each three times as large as R3. The total com- 
bined circuit resistance is equal to 

a. 6 R3 Cc. R3 

b. 3R; d. R;/3 

If, in Fig. 7-9, the thermistors are ideally matched with the lamps, there will be 
no change in the total current drawn from the source regardless of how many 
lamps burn out. 

All complex circuits can be thought of as some combination of series-parallel 
circuits. 

If a load requires one-half of the available supply voltage, a series-dropping 
resistor must have the same resistance as the load. 

A disadvantage of a voltage divider that uses a single-series dropping resistor is 
the wide change in load voltage with the change in load current. 

In a single-series dropping resistor voltage divider, an increase in load causes 
an increase in load voltage. 

A bleeder resistor voltage divider improves voltage regulation because it causes 
some current to always flow through the series-dropping resistor, even when the 
load is removed. 

The larger the bleeder current, the better is the voltage regulation. 

To obtain positive and negative potentials from a single supply in a voltage- 
divider network requires the selection of 0 V or ground at a point different from 
the negative or positive side of the single supply. 

It is not possible to obtain two different positive potentials and two different 
negative potentials from a single-supply voltage-divider network. 


REVIEW QUESTIONS 


AYN Ss 


Explain why the circuit in Fig. 7-7 is really an example of a series-parallel circuit. 
Can you devise any rule concerning the total resistance of a series-parallel circuit? 
In Fig. 7-4 show all the points at which Kirchhoff’s current law can be applied. 
Apply Kirchhoff’s voltage law to the circuit in Fig. 7-4. 

Draw a circuit that contains two sources of emf and three resistors in which the 
resistors do not form a series, a parallel, or a series-parallel combination. 

When is the size of feeder line determined by other factors than the necessary 
current-carrying capacity? 
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7. Identify which components are parallel-connected and series-connected in Fig. 
7-12. 
Write the equation for the total resistance between W and Y in Fig. 7-12, in 
terms of the voltage-divider resistors and load resistances. 
3. What is a disadvantage of the single-series dropping resistor voltage divider? 
. How is this disadvantage overcome? 
9. What can be done to improve the voltage regulation of a voltage divider? 
10. What is the power rating of a single-series dropping resistor compared with the 
load if the load operates at half the supply voltage? 
11. Explain why a larger bleeder current improves the voltage regulation of a voltage 
divider when the load varies. 
12. Under what conditions might you use a power rating for the voltage-divider resis- 
tors double the nearest standard sizes to the calculated values? 
13. Would it be possible to obtain +25 V and —15 V supplies from a voltage-divider 
circuit with a single emf of 45 V? Explain. 
PROBLEMS 
7-1. Refer to Fig. 7-1. Given R; = 1 kO, Rp = 2.2 kO, R3 = 3.3 kO, Ry = 
4.7kQ, and V = 40 V, calculate: 
a. The total circuit resistance. c. The current through R3. 
b. The total source current. d. The voltage drop across R4. 
7-2. For the values given in Problem 7-1 refer to Fig. 7-1 and calculate: 
a. The voltage drop across Rp. 
b. The total power dissipated in all the resistors. 
c. The voltage at C with respect to A. 
7-3. Refer to Fig. 7-4. Let Rj = 5.6 kO, Ro = 3.3 kO, R3 = 1 kQ, Ry = 10 kQ, 
R; = 6.8 kQ, R¢ = 12 kQ, and V> = OV, V; = 22.5 V. 
Calculate: 
a. The total supply current. 
b. The current through Rs. 
c. The power dissipated in R3. 
7-4. For the values given in Problem 7-3 refer to Fig. 7-4 and calculate: 
a. The current through Rj. 
b. The power dissipated in Reg. 
c. The voltage at A with respect to B. 
7-5. An electric motor (effective resistance 12 ) and a combined lighting load of 
resistance 18 © are to be operated in parallel with each other at a distance of 
300 m from a 230-V source of emf. If the total voltage drop in the line must 
not exceed 8% of the source voltage, calculate: 
a. The minimum wire gauge to be used for the copper feeder line. 
b. The power dissipated in the feeder line. 
c. The power supplied by the source. 
Assume that the source has negligible internal resistance. 
7-6. Calculate the actual voltage at which the load in Problem 7-5 operates if the 
selected wire gauge is used. 
7-7. Refer to Fig. 7-13. What is the resistance between terminals A and B under the 


following conditions? 
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100 C 200 E 100 2 


FIGURE 7-13 
Circuit for Problems 7-7, 7-8, and 7-9. 





a. The output terminals have no load (open-circuit). 
b. The output terminals are short-circuited. 
c. A load of 600-(Q is connected at the output. 
7-8. Refer to Fig. 7-13. Assume that a 600-© load is connected to the Output and a 
6-V source at the input. Calculate: 
a. The voltage between C and D. 
b. The voltage between E and F. 
c. The current in the 600-2 load. 
7-9. Refer to Fig. 7-13. Assume that a 600-2, load is connected to the output and a 
10-V source at the input. Calculate: 
a. The current and power in the load. 
b. Which resistor has the largest power dissipated in it. 
7-10. Refer to Fig. 7-14. 
a. What voltage exists across the open switch? 100 150 
b. Find the current through the switch when it is closed. 


+24 V 


FIGURE 7-14 
Circuit for Problem 7-10. = 


7-11. Using the circuit shown in Fig. 7-15, find the total resistance between A and B. 
7-12. For the circuit shown in Fig. 7-15, determine the power dissipated in the 5-O 
resistor when a 120-V source is connected between A and B. 


A 





Bo 


FIGURE 7-15 
Circuit for Problems 7-11 and 7-12. 
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7-13. Refer to Fig. 7-16. Calculate, with the switch open: 
a. The current flowing through Re. 
b. The power dissipated in Rg. 
c. The power supplied by V;. 

7-14. Repeat Problem 7-13 with the switch closed. 


Rj 
59 
+ 
V1 ee 
100 V = 
V2 
—)|+ 
FIGURE 7-16 
Circuit for Problems 7-13 and 7-14. 40 V 


7-15. Refer to Fig. 7-17 and calculate: 
a. The total resistance ‘‘seen’’ by the 100-V source. 
The power supplied by the 100-V source. 
The potential difference across R3. 
The current through R,. 


ee 


FIGURE 7-17 
Circuit for Problem 7-15. 
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Ro R3 
30 2 30 2 
Rs 
30 2 30 2 Rj 
5 2 
e3) O 
Rg 250 
R, 40 kQ 


R240 kQ R316 kQ 
R460 kQ 


7-16. Using the circuit shown in Fig. 7-18, calculate the total resistance between A 


and B: 
a. With the switch open. 
b. With the switch closed. 


7-17. Repeat Problem 7-16, but change the value of all the resistors in Fig. 7-18 to 


10 Q. 


FIGURE 7-18 
Circuit for Problems 7-16 and 7-17. 





7-18. Find the total resistance of the circuit in Fig. 7-19 and the total current supplied 


by the source. 
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7-19. Refer to Fig. 7-19 and calculate: 


FIGURE 7-19 
Circuit for Problems 7-18 and 7-19. 


7-20. 


7-21. 


7-22. 


7-23. 


a. The current through R,3 
b. The voltage across Re. 
c. The current through R>. 





220 kQ 


For the circuit shown in Fig. 7-20, calculate: 


a. 
b. 
e. 
(Hint: Redraw the circuit in simpler form.) 


The total resistance “‘seen’’ by the source. 
The total current supplied by the source. 
The voltage across R3. 


FIGURE 7-20 
Circuit for Problem 7-20. 


It is required to operate a 6-V transistor radio from a 12-V automobile battery. 
If the average load current of the transistor radio is 200 mA calculate: 


a. 
b. 


The series dropping resistor and its power rating. (Use commercial values.) 
The voltage at the radio when the automobile battery is being recharged 
with a terminal voltage of 14.1 V. (Assume that the load current increases 
to 250 mA.) 

The voltage at the terminals of the radio when it is turned off and the battery 
voltage is 13.2 V. 


A series-dropping resistor had been inserted in the line from a 12-V battery to 
supply a 9-V tape deck operating at 200 mA. It is required now to replace the 
tape deck with a 6-V radio operating at 100 mA. 


da. 


d. 


What resistance must be connected in parallel with the operating radio to 
provide 6 V? (Use the nearest commercial value.) 

What is the power rating of this resistance? 

How much power is the series-dropping resistor now dissipating? How does 
this compare with its initial dissipation? 

What voltage appears at the terminals of the radio when the radio is turned 
off? 


Design a simple voltage divider with a series-dropping resistor and a bleeder 
resistor to provide 1.5 kV at a load current of 5 mA from a 2-kV supply. Use a 








128 SERIES-PARALLEL AND VOLTAGE-DIVIDER CIRCUITS 


bleeder current of 1 mA and determine the no-load voltage. (Use the nearest 

commercial value.) 

7-24. Repeat Problem 7-23 using a bleeder current of 2 mA. 

7-25. a. What nearest commercial bleeder resistor is required to complete a voltage 
divider to provide 250 V at 40 mA from a 400-V source of emf if the series 
dropping resistor is 2.2 kQ? 

b. What are the power ratings necessary for these two resistors? 

c. What is the no-load voltage? 

7-26. Repeat Problem 7-25 using a 3.3-kQ, series-dropping resistor. 

7-27. A 12-V power supply is fused at 750 mA. 

a. What should be the minimum (commercial value) bleeder resistor to provide 
a 500-mA load with 9 V? 

What must be the value of the series-dropping resistor? 

c. How much power is dissipated in the series and bleeder resistors? 

d. If 5-W power ratings are chosen for the resistors to what maximum voltage 
can the source increase before either of the resistors overheats? (Assume 
that the fuse is replaced by a higher value.) 

e. What will be the load voltage for the maximum input voltage? (Assume that 
the load resistance is constant.) 

7-28. Repeat Problem 7-27 using an initial power supply of 13 V fused at 1 A. 

7-29. Design a voltage divider to provide 90 V at 15 mA and 250 V at 20 mA from 
a 350-V dc power supply with a bleeder current of 5 mA in parallel with the 
90-V load. (Use the nearest commercial values and power ratings. ) 

7-30. Repeat Problem 7-29 but use a total current from the 350 V supply of 50 mA 
instead of the 5-mA bleeder current. 

7-31. Design a voltage divider to provide +20 V at 20 mA each and +12 V at 50 
mA each from a 40-V supply with a total current of 100 mA. (Use the nearest 
commercial values and power ratings.) 

7-32. Repeat Problem 7-31 using a 45-V supply. 

7-33. Given the circuit in Fig. 7-21, find: 

V, Vi, Vap> Var, Von; and Vep- 





3 V 


. 
A D 
2V 


FIGURE 7-21 
Circuit for Problem 7-33. 





7-34. Given the circuit in Fig. 7-22, find: FIGURE 7-22 
Vi, Vo, V3, Va, Va, Vs, Ve, and Vaz. Circuit for Problem 7-34. 


PROBLEMS 


7-35. Given the circuit shown in Fig. 7-23, find: 
Tr,» IR, and Vy. 


FIGURE 7-23 


Circuit for Problem 7-35. 
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Because of the large amount of portable equipment built with 
solid-state circuitry, batteries have many important everyday 
applications, ranging from toys to calculators to radios to cardiac 
pacemakers. All these devices, and many more, rely on a power 
source that converts chemical energy into electrical energy. This 
process involves the separation of charges between two terminals. 
There are two basic types of cells (or batteries), classified 
according to the type of chemical activity: primary cells. and 
secondary cells. In a primary cell, the chemical materials are 
used up as electric energy is produced. It is discarded when 
its active material is depleted and it no longer produces 
electrical energy. In a secondary cell, a reversible chemical 
reaction is used to separate charges so that the cell can be 
returned to its original chemical state (recharged) many 
times. 


The most common primary cell is the carbon-zinc cell or common 
“flashlight battery.” Carbon—zinc cells are low in cost and are best 
suited to intermittent use. When more continuous and heavier 
loads are involved, alkaline batteries will give longer and more 
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satisfactory service than carbon—zinc cells. For small, solid-state 
devices such as hearing aids or watches, higher energy-density 
“button-type” primary cells are used. These cells are usually 
referred to as mercury—oxide or silver—oxide batteries. 


A secondary cell is usually used for situations requiring larger 
amounts of energy at high current. The most common example is 
the automotive /ead—acid battery, which can supply several 
hundred amperes at 2 V per cell. Strictly speaking, a battery 
consists of several interconnected cel/s, each of which has an emf 
from 1.2 V to 2.2 V (depending on type). However, the term 
battery is used interchangeably with cel// for the common AA, C, 


and D sizes. 


8-1 SIMPLE COPPER-—ZINC CELL 


Although it is not available in commercial form, the cop- 
per—zinc cell can be used to clearly illustrate the chemical 
reactions that produce electricity. In the form called a vol- 
taic cell, it demonstrates how charges are separated by the 
motion of ions. 

As shown in Fig. 8-1, a voltaic cell consists of a strip 
of copper (Cu) and a strip of zinc (Zn) immersed in an 
electrolyte of dilute sulfuric acid (H,SO,). When the cell 
functions, there is a great deal of activity around the zinc 
strip (called an electrode) as it is ‘‘eaten away’’ by the 


Positive 
terminal 


Positive copper 
electrode (cathode) | 
loses electrons 


te 
2e 






Bubbles of 
hydrogen gas 


Electrolyte, 
solution of sulfuric 
acid, H»SO, 






acid. The copper electrode is not ‘‘eaten away,’’ but has 
many small bubbles of a gas (hydrogen) clinging to its 
surface. 

If a voltmeter is connected between the two electrodes, 
it will show a reading of approximately 1 V, with the cop- 
per strip positive and the zinc strip negative. If a low- 
resistance load is connected between the electrodes, a cur- 
rent will flow until the zinc electrode is completely eaten 
away. The chemical process is described in detail below. 

Each molecule of sulfuric acid (the electrolyte) dissociates 
or separates into two positive hydrogen ions (2H*) and 
one negative sulfate ion (SOZ_ ). 


Negative 
terminal 





Negative zinc 
electrode 
(anode) 

left with 
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electrons 


FIGURE 8-1 
Simple copper-zinc cell. 
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H.SO, — 2H* + SO47 (8-1) 


Equation 8-1 simply means that a molecule of sulfuric 
acid is initially neutral, with its components held in an 
ionic bond. When the two hydrogen ions break away, they 
leave their valence electrons with the sulfate molecule. 
This gives the sulfate ion a negative charge of two elec- 
trons. 

Since atomic zinc (Zn°) is more chemically active than 
atomic copper (Cu’), it dissolves more readily in the acid. 
Some of the zinc atoms (Zn°) form Zn** ions and go into 
solution, reacting with the sulfate ions to form zinc sulfate. 


Zn°* + SOZ — ZnSO, (8-2) 


The zinc is said to have replaced the hydrogen when it 
combines with the sulfate ion to form zinc sulfate. The 
zinc ion has the equivalent charge of the two positively 
charged hydrogen ions it replaces. But the doubly charged 
positive ion of zinc is an atom that is deficient in two va- 
lence electrons. Thus an ion of zinc departing from the 
electrode leaves behind an excess of two electrons. The 
zinc electrode, initially neutral, becomes negatively 
charged due to the excess of electrons. 

The hydrogen (H*) ions, meanwhile, each lack one va- 
lence electron. They pick up an electron from the readily 
available supply of free electrons in the copper electrode, 
forming neutral atomic hydrogen (H°). 


2Ht + 2e—>H, 7 (8-3) 


In this reaction, each pair of hydrogen atoms becomes one 
molecule of hydrogen gas. The gas forms a visible coating 
of bubbles on the copper electrode and also rises to the 
surface of the electrolyte. The copper strip, initially neu- 
tral, becomes positively charged due to the electrons it has 
given up to the hydrogen. 

The overall reaction is represented by the following 
chemical equation. The equation does not show, however, 
the manner in which the charge is separated. 


Zn + H,SO,— ZnSO, + Hp ft (8-4) 


A potential difference of approximately 1 V is estab- 
lished by the chemical action. The potential of the copper 
electrode is raised by 0.5 V and the potential of the zinc 
electrode is lowered by 0.5 V. 

If a load is connected across the terminals, electrons 
flow from the negative zinc electrode through the external 
circuit to the positive copper electrode. (See Fig. 8-1.) At 
the copper electrode, the electrons are available to com- 
bine with hydrogen ions and form more hydrogen gas. Ad- 
ditional positive zinc ions enter the solution to replace the 
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lost positive hydrogen ions. This process continues until 
the zinc electrode is completely eaten away or the acid 
solution becomes zinc sulfate. Thus, there is a motion, in 
solution, of positive ions toward the positive (copper) elec- 
trode and of negative ions toward the negative (zinc) elec- 
trode. 

Although the chemical action tries to maintain a differ- 
ence in potential of approximately 1 V, the voltaic cell is 
not, in practice, a very successful 1-V source. This is due 
to accumulation of hydrogen gas around the copper elec- 
trode, a process called polarization. Since hydrogen is a 
nonconductor, polarization results in an insulating effect 
around the electrode, increasing the cell’s internal resis- 
tance. It also reduces the active surface area available for 
chemical action, and the cell’s terminal voltage soon de- 
creases. In practical primary cells, a depolarizer is often 
used to decrease this insulating effect. 

When referring to a cell, the terms anode and cathode 
are frequently used. The anode is the terminal that loses 
electrons to the external circuit during normal operation 
(discharge). The cathode is the terminal that gains elec- 
trons. In the cell shown in Fig. 8-1, the negative zinc elec- 
trode is the anode and the positive copper electrode is the 
cathode. Note that while the electron flow is from anode 
to cathode in the external circuit, conventional current is 
from the cathode to the anode. 


8-2 CARBON—ZINC CELL 


The most common type of primary cell is the carbon—zinc 
cell, also known as the Leclanché cell. Since it uses a 
paste electrolyte rather than a liquid, it is known as a dry 
cell. Since the electrolyte will not spill out, a dry cell can 
be used in any position. The main construction features of 
a carbon—zinc dry cell are shown in Fig. 8-2. 

In this cell, the negative electrode is the zinc can, while 
the positive electrode is a carbon rod in the center. The 
electrolyte paste is made up of zinc chloride and ammo- 
nium chloride (NH,Cl, also called ‘‘sal ammoniac’’). To 
prevent polarization—the formation of insulating hydrogen 
gas around the carbon electrode—manganese dioxide 
(MnO,) is mixed into the electrolyte paste to act as a de- 
polarizer. Magnesium dioxide is rich in oxygen, which 


combines with the hydrogen to form water. 
MnO, + 2H, — Mn + 2H,O (8-5) 


To prevent direct contact between the zinc can and the 
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FIGURE 8-2 
Construction of a typical carbon-zinc dry cell. 


electrolyte, an absorbent moist paper liner is used. This 
liner does not impede the passage of ions, but helps to 
reduce chemical reactions between the zinc and impurities 
in the electrolyte. These reactions form small voltaic cells 
(a process called local action) that would use up the zinc 
and shorten the cell’s life. To reduce local action due to 
impurities in the zinc itself, a coating of mercury is placed 
on the inside surface of the zinc can during manufacture. 
This process, called amalgamation, effectively places the 
zinc and its other metallic impurities at the same electrical 
potential. 

The motion of ions (similar to that described for the 
copper—zinc cell) produces an emf of approximately 1.5 V. 
Carbon—zinc cells range in size from the small AAA pen- 
light cell to the six-inch-tall No. 6 cell, but all produce an 
emf of approximately 1.5 V. The physical size determines 
the amount of current the cell can deliver and the amount 
of energy stored. The smaller cells can deliver continu- 
ously a maximum current of only a few milliamperes; the 
No. 6 cell can deliver 4 A (250 mA). A ‘‘D’’ flashlight 
cell can provide a load current of 50 mA for approximately 
15 hours before the terminal voltage drops to about 1.3 V. 
To provide higher voltages, dry cells can be interconnected 
to form batteries of convenient multiples of 1.5 V (6 V, 9 
V, etc.). 


8-3 THE ALKALINE—MANGANESE 
CELL 


Dry cells of the alkaline—-manganese type are capable of 
providing heavy current for long periods. They require no 
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‘rest periods’’ to recover after continuous use, as do car- 
bon—zinc cells. 

As shown in Fig. 8-3, this cell consists of an outer 
steel jacket (which does not take part in the chemical 
reaction) and an inner steel case which serves as the 
‘“‘cathode collector.’? These electroplated steel cases 
greatly decrease the possibility of leakage, compared to 
carbon-zinc cells. Note, in Fig. 8-3, that the cell in- 
cludes a venting system to prevent case rupture in the 
event of a sustained short circuit (which would cause 
excessive gas buildup). 

The cathode of an alkaline—manganese cell is a com- 
pressed mixture of manganese dioxide and graphite; the 
anode is compressed powdered zinc. The two chemical 
components are separated by a sleeve of porous syn- 
thetic fiber impregnated with the electrolyte, potassium 
hydroxide (KOH). The inner steel case, or cathode col- 
lector, is in contact with the cathode material and the 
positive terminal at the top of the cell. A metal anode 
collector in the center of the cell is in contact with the 
anode material and the negative terminal at the bottom 
of the cell. 

Like the carbon—zinc cell, the alkaline—manganese cell 
produces a nominal 1.5 V. It can produce that emf, how- 
ever, for about four times Jonger than the same size car- 
bon—zinc cell. For example, a ‘‘D’’ alkaline cell can pro- 
vide a load current of 50 mA for approximately 56 hours 
before terminal voltage drops to 1.3 V. A carbon—zinc 
cell, under the same conditions, would last about 15 hours. 
The capacity of the alkaline—manganese cell can be cal- 
culated as: 


50 mA X 56h 


2800 mAh (milliampere hours) 
2.8 Ah (ampere hours) 


The capacity of a cell (expressed in ampere hours) is 
a measure of the total charge (and energy) that the cell 
can deliver under normal operating conditions. In the 
example above, the cell would be said to have a capacity 
of 2.8 Ah (if a terminal voltage of 1.3 V is the lowest 
acceptable value for the given application). 

The alkaline cell also exhibits much longer shelf life 
than the carbon—zinc cell. Shelf life is the length of time 
that the cell retains its energy while stored. A carbon—zinc 
cell may retain 80% of its capacity for only 6 to 12 
months, but an alkaline cell may be stored for 30 to 36 
months. The loss of energy for either type of cell is par- 
tially due to the electrolyte drying out, so shelf life can be 
extended by storing the cells at cooler temperatures, as 
shown by the curves in Fig. 8-4. 
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FIGURE 8-3 


Cross section of an alkaline manganese cell. (Courtesy of Duracell International Inc.) 
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FIGURE 8-4 
Typical capacity retention curves for an alkaline cell. 
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EXAMPLE 8-1 


A fresh alkaline D-cell has a capacity of 3 Ah in a given 
application. Determine the available capacity of the cell 
after being stored for 20 months at a temperature of 

a. 45°C 

b. 20°C 


Solution 


a. From Fig. 8-4, capacity retention after 20 months at 
45°C is 84%. 


capacity = 3 Ah x 0.84 = 2.52 Ah 
b. After 20 months at 20°C, capacity retention is 96%. 
capacity = 3 Ah x 0.96 = 2.88 Ah 


Example 8-1 shows the benefit of storing dry cells at 
reduced temperatures; Example 8-2 demonstrates how this 
prolongs the active life of the cell. 


EXAMPLE 8-2 


Determine the length of time the cell in Example 8-1 
could deliver a current of 50 mA after being stored for 20 
months at a temperature of 


a. 45°C 
b. 20°C 
Solution 


a. At 45°C, capacity = 2.52 Ah. Since 


time = a ort = 2 
current / 
then t = Q = er 50.4 h 


8-4 OTHER PRIMARY CELLS 


The development of mercury cells has made possible many 
electronic applications. These cells are essentially alkaline 
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cells with mercuric oxide (HgO) replacing manganese 
dioxide as the positive electrode. Mercury cells have 50% 
more energy for a given volume than the alkaline—man- 
ganese cell and three times as much energy as the carbon— 
zinc cell. 

They are available as either 1.35-V or 1.4-V cells. The 
1.35-V cells are used primarily for instrumentation appli- 
cations, the 1.4-V cells for general use in such devices as 
electronic watches. There are two different structures of 
the 1.4-V cell available. One form (the type used in 
watches) provides a low continuous current for a year or 
more. The second form is suitable for short-duration, high- 
surge current applications like photographic flash units. 
General-use mercury cells are usually of the flat disc or 
‘‘button’’ type. Mercury cells can be series-connected to 
produce batteries with higher output voltages, such as the 
12.6 V needed for some smoke alarm circuits. 

The silver oxide cell is similar to the mercury cell, but 
uses silver oxide (Ag,O) as the positive electrode. Silver 
cells develop an emf of 1.5 V and have four times more 
energy than a carbon—zinc cell. Like the mercury cell, they 
are usually ‘“‘button’’ cells, and are widely used for 
watches. 

An adaptation of the carbon—zinc cell is the heavy-duty 
zinc—chloride cell. It is similar in construction to the car- 
bon—zinc cell, but uses only zinc chloride—rather than a 
combination of zinc chloride and ammonium chloride—as 
the electrolyte. This provides vigorous chemical action and 
keeps polarization to a minimum at high currents. Heavy- 
duty zinc—chloride cells usually last twice as long as car- 
bon—zinc cells. They are available in all standard sizes. 

The primary cell with highest energy density of all is 
the lithium cell. A lithium cell, with a nominal emf of 3.0 
V, has the energy of 30 carbon—zinc cells. These cells re- 
tain 95% of their original capacity after a 5-year period, 
and operate well in low-temperature conditions. Lithium 
cells are used for continuous or standby power in low- 
drain integrated circuit memory or microprocessor appli- 
cations. 

The ultrathin ‘‘paper’’ battery is the most recent devel- 
opment of dry cell technology. It operates in much the 
Same way as any other dry cell, but uses a stainless steel 
plate (sheet) instead of a carbon rod as the positive elec- 
trode. The electrolyte consists mainly of zinc perchlorate, 
which will not attack the steel plate as would ammonium 
chloride or zinc chloride. The steel plate electrode makes 
possible a flat, thin cell shape. A typical cell, which de- 
velops 1.5 V and has a 27 mAh capacity, is only 2.75 x 
0.78 x 0.03 in. and weighs only 0.06 ounce. One major 
application is in camera film magazines, where a 6-V ‘‘pa- 
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FIGURE 8-5 
Comparison of discharge characteristics for primary 
cells. 


per’’ battery provides power for the camera’s motorized 
film advance. 


8-5 COMPARISON OF PRIMARY 
CELLS 


The basic operating differences in the various types of pri- 
mary cells is in their discharge characteristics, as shown in 
Fig. 8-5. Carbon—zinc and alkaline—manganese cells have 
a sloping discharge curve; mercury, silver, and lithium 
cells have a flat discharge curve. And, because of their 
different energy densities, an alkaline cell takes three times 
as long to drop to 0.8 V as a carbon—zinc cell, and a mer- 
cury cell takes four times as long. 





EXAMPLE 8-3 


Determine the hours of service for a continuous load to 
reduce the terminal voltage of AA size cells by 20% for 
the following types: 

a. carbon—zinc 

b. alkaline 

Cc. mercury 


Assume that the discharge curves conform to Fig. 8-5. 


Solution 
a. Nominal voltage of carbon—zinc cell = 1.5 V. 
2 
20% reduction = 1.5V x ae 0.3 V 
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final terminal voltage = 1.2 V 
From Fig. 8-5, the time required to reach 1.2 V 
= 5h. 

b. Final terminal voltage of alkaline = 1.2 V. 
From Fig. 8-5, the time required to reach 1.2 V 
= 10h. 

c. Nominal voltage of mercury cell = 1.4 V. 


20% reduction = 1.4V x — = 0.28 V 


final terminal voltage = 1.12 V. 
From Fig. 8-5, the time required to reach 1.12 V 
= 75h. 





Table 8-1 lists other electrical characteristics of the 
common primary cell types and a summary of construction 
materials. Note how alkaline cells may be used at much 
lower operating temperatures than carbon—zine cells. Shelf 
life (and capacity) of all types of dry cells is improved by 
storage at low temperatures, but the output of a cell during 
operation is greatly improved at higher temperatures. This 
output improvement is due to increased chemical activity. 
(See Fig. 8-6.) 


8-6 LEAD—ACID SECONDARY 
STORAGE CELLS 


The most common secondary storage cell is the lead—acid 
wet cell. Used most commonly for starting automobiles 
and other internal-combustion-engine vehicles, the lead— 
acid cell was introduced by Gaston Planté in 1860. The 
earliest automobiles were powered by electricity, rather 
than internal combustion engines, and used Planté cells. 
(Today’s electric vehicles use batteries with higher energy 
density and lower weight. See Section 8-8.3.) Lead—acid 
batteries are still widely used in the telephone industry, 
where they serve as standby power sources. A lead—acid 
cell can be recharged several hundred times, and will last 
a number of years with proper use and maintenance. 

A fully charged lead-acid cell has a lead peroxide 
(PbO,) positive electrode, reddish-brown in color, and a 
negative electrode of gray spongy lead (Pb). With an ap- 
proximately 27% electrolyte of sulfuric acid (specific grav- 
ity of 1.3), the cell produces about 2.2 V. Three or six of 
these cells are connected in series to obtain the common 
6-V or 12-V battery used in autos or other applications. 
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TABLE 8-1 
Comparison of Common Primary Cells 







‘Or: ole) peey4 ales 


Negative, anode Zinc 
Positive, cathode Carbon 
Electrolyte Ammonium 
chloride 
Nominal voltage, volts 1.5 
Maximum rated current amperes 2-30 
Energy output 
Watt-hr/Ib 22 
Watt-hr/in.° 2.0 
Temperature range 
Storage, °F — 40 to 120 
Operating, °F 20 to 130 
Shelf life in months at 68°F to 
80% initial capacity 6-12 
Shape of discharge curve Sloping 


8-6.1 Chemical Action 


The diagrams in Fig. 8-7 show the processes that take 
place during charging and discharging of a lead—acid cell. 
During discharge, the lead in both electrodes (plates) 
reacts with the sulfuric acid electrolyte. Hydrogen is dis- 
placed and lead sulfate is formed. The lead sulfate, a whi- 
tish material, is somewhat insoluble, and partially coats 
both the plates (Eq. 8-6). Since both plates are changing 
chemically toward the same material (lead sulfate, 
PbSO,), the potential difference begins to decrease. Also, 
the oxygen in the lead peroxide combines with the hydro- 
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FIGURE 8-6 
Typical effects of temperature on cell activity. 
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Alkaline—Manganese Mercury Silver Oxide 
Zinc Zinc Zinc 
Manganese dioxide Mercuric oxide Silver oxide 
Potassium hydroxide Potassium Potassium 
hydroxide hydroxide 
1.5 1.35 or 1.4 15 
0.05—20 0.003-3 0.1 
35 46 50 
3.5 6.0 8.0 
— 40 to 120 — 40 to 140 — 40 to 140 
— 5 to 160 9 to 160 — 5 to 160 
30-36 30-36 30-36 
Sloping Flat Flat 


gen ions of the electrolyte, forming water (Eq. 8-6). The 
sulfuric acid solution becomes weaker (more dilute, with 
its specific gravity approaching 1.0) as the cell delivers 
energy to a load. The combined effect of decreased poten- 
tial difference and more dilute electrolyte causes the volt- 
age developed by the cell to drop off as the cell loses its 
charge. Also, the internal resistance of the cell rises due 
to the lead sulfate coating on the plates. 

Fortunately, this chemical process is reversible. If a 
battery charger is connected as shown in Fig. 8-7b (posi- 
tive to positive, negative to negative), the direction of cur- 
rent and ionic flow is reversed. Electrical energy causes 
the lead sulfate to recombine with the hydrogen ions in the 
electrolyte. The effect is to remove excess water from the 
electrolyte and return the plates to their original states 
(lead peroxide and sponge lead). Since lead sulfate will 
harden into an insoluble salt over a period of time, it is 
wise to fully recharge a battery if it will not be used for 
some time. 

The chemical action described above can be represented 
in this reversible equation: 





discharge 
Pb + PbOs + 2H.SO, fame 
2 PbSO, + 2H2O + electrical energy (8-6) 
discharge 


lead + lead peroxide + sulfuric acid 





charge 


lead sulfate + water + electrical energy 
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FIGURE 8-7 


Chemical actions in a lead-acid cell under conditions of discharge and recharge. 


An automotive charging system requires approximately 
14.1 V to recharge a 12-V battery at currents up to 30 A. 
Recharging at excessively high currents can cause “‘boil- 
ing’’ of the electrolyte. This lowers the liquid level and 
can buckle and crumble the plates, shortening battery life. 


8-6.2 Construction 


The diagram in Fig. 8-7 has been simplified by showing 
each electrode as a single plate. However, in practical bat- 
teries, a number of positive and negative plates are inter- 
leaved and separated by porous rubber sheets. (See Fig. 8- 
8a.) This layering provides greater surface area and current 
availability. All of the positive plates are electrically con- 
nected, as are all the negative plates. These connections 
yield a parallel (higher-current) arrangement for a single 
cell developing approximately 2 V. Three such cells are 
series-connected, positive to negative, to form a 6-V bat- 
tery, as shown in Fig. 8-8b. Since hydrogen gas is pro- 
duced during recharging, vents are provided to allow hy- 
drogen and water vapor to escape from the battery. The 
vents are part of filler caps, which can be removed to add 
distilled water. Water is added to make up for evaporation 
from the electrolyte during operation. 

There are two basic ways of manufacturing the battery. 
Both start with plates made of lead antimony and cast in 
the form of grids with holes or spaces in the surface. In 
the dry charge method of manufacturing, lead peroxide is 
pressed into the holes of the positive plate grids and 
sponge lead into the negative plate grids. When the elec- 
trolyte (dilute sulfuric acid) is added, the battery is ready 
for use, without the need for charging. 


In the wet charge method, lead oxide is pressed into 
both positive and negative plates. After electrolyte is 
added, the battery must be charged. In the charging pro- 
cess, the current forms the plate material into lead peroxide 
and sponge lead. 

In recent years, low-maintenance and maintenance-free 
batteries have been developed. The low-maintenance type 
seldom need water added; maintenance-free batteries are 
sealed and cannot be opened to add water. 

This advance in technology was made possible by the 
discovery that the amount of “‘gassing’’ (hydrogen produc- 
tion) that takes place during charging is related to the an- 
timony content of the plates. Antimony is alloyed with 
lead to make casting of the grids easier, and ordinary lead— 
acid batteries have up to 4% antimony content. Low-main- 
tenance batteries are produced by reducing the antimony 
content to 2%. This reduces the need for adding water, 
since very little is ‘‘boiled off’’ during charging. The 
plates of maintenance-free batteries contain no antimony. 
Instead, a lead—calcium or lead—calcium-—tin combination 
is used. Since this eliminates ‘‘gassing,’’ there is no need 
for venting, and the battery can be sealed completely. 
Once the battery is sealed, no electrolyte can evaporate 
from the cells. A very small vent is provided to relieve 
pressure due to altitude changes. 


8-6.3 Specific Gravity 


The state of charge of a lead—acid cell can be checked by 
determining the specific gravity of the electrolyte. Specific 
gravity is a ratio of the weight of a given volume of the 
electrolyte to the same volume of water. At a temperature 





THE NICKEL-CADMIUM CELL 


Positive strap 









Lead peroxide 
positive plates 


Lead antimony 
grid 





Cay 
aNA 






Lead oxide 


‘sererbsetewr tana eerie qer zante Or E518 encTEAM VETS YVEREESA POUTESSONA PETES 


Hard rubber or 


polypropylene 
case 


"SEMEIEIELELI ELI M SL: 


Plate supports 


Porous rubber separators 


Sulfuric acid 
electrolyte 


(a) Parallel arrangement of plates and 
separators in a single cell 


FIGURE 8-8 
Construction of a lead-acid battery. 


of 68°F, a fully charged cell should have a specific gravity 
(abbreviated sp. gr.) of 1.28; a fully discharged cell, 1.13. 
Both figures are related to the specific gravity of pure wa- 
ter, which is 1.0. 

Specific gravity can be measured with a hydrometer. 
This is a glass tube containing a weighted, calibrated float. 
The numbers on the scale of the float range from 1280 on 
the bottom to 1120 at the top. (The scale multiplies the 
specific gravity reading by 1000.) When some electrolyte 
is drawn into the tube by means of a squeeze bulb on its 
top, the position of the float shows the specific gravity of 
the liquid. The lower the specific gravity of the electrolyte 
(the closer it is to water), the lower the float will sink, and 
the smaller will be the number visible on the scale. 

A fully discharged cell will freeze if exposed to tem- 
peratures of 20°F or lower. But a fully charged cell can 
Operate at temperatures between —76 and +140°F, be- 
cause the higher concentration of acid depresses the freez- 
ing point of the liquid. (The freezing point of pure water 
is 32°F or 0°C.) 


8-6.4 Ampere-Hour Capacity 


A battery’s current rating is usually given in units of am- 
pere-hour (Ah) capacity, based on an 8-h discharge period. 
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(6) Series interconnection of cells to 
provide a 6-V battery 


During that period, the cell’s output voltage must not drop 
below 1.7 V. For example, a 60-Ah battery (typical of 
those used for smaller vehicles) should deliver 7.5 A for 8 
hours without any cell dropping below 1.7 V. Similarly, 
the battery should be able to deliver 5 A for 12 hours. It 
is unlikely, however, that the battery could actually deliver 
60 A for 1 hour—cells are less efficient at higher discharge 
currents. Batteries with capacities of up to several hundred 
Ah are available. 

Like primary cells, the lead—acid cell’s capacity de- 
creases significantly at lower temperatures. It will lose ap- 
proximately 0.7% of capacity for each decrease of 1°F. At 
O°F (— 18°C), the lead—acid cell’s capacity is only 60% of 
the value at 60°F (15.6°C). For automotive starting appli- 
cations, a ‘‘cold cranking power’’ is usually specified. 
This is stated in the number of amperes available for 30 
seconds at O°F, with figures ranging from 300 to over 
400 A. 


8-7 THE NICKEL—CADMIUM CELL 


For portable devices such as calculators, walkie-talkies, or 
electric tools, the most widely used rechargeable dry cell 
is the nickel—cadmium or nicad cell. A single nicad cell 
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develops an open-circuit voltage of approximately 1.2 V. 
These cells are available in AA, C, and D sizes, and also 
in 6.1-V, 9.7-V, and 12.2-V output voltages. A nickel— 
cadmium cell has a lower energy content than a corre- 
sponding carbon—zinc cell, but a greater energy content 
than a lead-acid cell. Its major advantage is rechargeabil- 
ity—although the initial cost is higher than any primary 
cell, its overall cost is lower because it can be recharged 
up to 2000 times. 


8-7.1 Construction 


The base material for the nickel-cadmium cell electrodes 
is flexible nickel-plated steel sheets. Nickel powder is sin- 
tered onto the sheets at high temperature to provide a po- 
rous surface layer. On the negative electrode, this layer 
contains metallic cadmium; on the positive electrode, 
nickel hydroxide is present. A separator consisting of ab- 
sorbent material saturated with an electrolyte—(basic) po- 
tassium hydroxide—is sandwiched between the plates. The 
two plates and separator are then rolled into a tight cylin- 
der and sealed inside a nickel-plated steel case. A resealing 
safety vent relieves any excess internal pressure on the cell 
caused by overcharging or reverse charging. 


8-7.2 Charging 


Table 8-2 shows the nominal capacity for some standard- 
size nicad cells. Others are available with capacities of up 
to 10 Ah. 

The rate at which sealed nickel-cadmium cells can be 
safely charged is the 8-hour or C/8 rate, where C is de- 
fined as the capacity in ampere-hours. For example, if C 
is 4 Ah, a maximum charging current of 0.5 A should be 
used. At this current, it will take 12 hours (because of 
internal losses) to restore a fully discharged cell to full 
charge. It is permissible, at this rate, to continue charging 
for an indefinite period without damaging the cell. De- 
pending on size, each cell has its maximum continuous 
charge current. Some of these are given in Table 8-2. 

The oxygen that is produced at the positive electrode 
when a nicad cell is overcharged reacts quickly with the 
cadmium in the charged negative electrode. The oxygen is 
reused continually according to the following chemical re- 
action: 


Op. + 2H2O + 2Cd — 
Cd(OH). + electrical energy 
oxygen + water + cadmium — 
cadmium hydroxide + electrical energy 


(8-7) 
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TABLE 8-2 
Capacities and Maximum 
Charge Rates for Nickel-Cadmium Cells 


Maximum 
fey aiialerelets 
Cod aal tare Charge 
Capacity, C Rate, 
Ah mA 
C 2.0 250 
D 4.0 500 


The overall chemical reaction in the nickel—cadmium 
cell is: 





Cd + 2NiOOH + 2H,O0 ————“—= 2Ni(OH), 
charge 
+ Cd(OH)s + electrical energy (8-8) 
; ; : discharge 
cadmium + nickel hydroxide + water ——- 





nickel hydroxide + cadmium hydroxide + electrical 
energy 


Thus, the cadmium hydroxide produced by the over- 
charging is available to be reconverted to cadmium and 
water to repeat the cycle. 


8-7.3 Quick-Charging 


Sometimes, batteries must be charged more rapidly than 
normal. When this is the case, you must be careful not to 
exceed the recommended times given in Table 8-3. The 
times in the table assume that the cell has been completely 
discharged and that it is at a reasonable temperature (20° 
to 45°C, 68° to 113°P). 

Some automatic battery chargers sense both temperature 
and voltage of the cell; when either reaches the set limit, 
an electronic switch reduces the charging rate to a trickle 
charge of C/8. 


EXAMPLE 8-4 


It is required to charge a nickel—cadmium C-cell (that has 

been fully discharged) in approximately 30 min. 

a. What is the maximum current that can be used and 
the maximum time the cell can be left on charge? 


OTHER SECONDARY CELLS 


TABLE 8-3 
Normal and Maximum Charge Times 
for Various Charge Rates for Nickel—Cadmium Cells 





Normal Maximum 
Charge Rate, A Charge Time Charge Time 

C/8? 12h Indefinite 
C/4 5h 6h 
C/2 aah 23h 
C/1 Th a 
2C 27 min 30 min 
4C 12 min 12 min 
8C 5 min 5 min 


*C is the capacity in ampere hours (Ah). 


b. If the cell is to be left on trickle charge, to what must 
the current be reduced? 
Solution 
a. From Table 8-2, a C-cell has a capacity of 2 Ah. 


From Table 8-3, a charge rate (in amperes) of 2 C is 
required to fully charge in 27 min. 


Maximum charge current = 2C = 2 x 2A = 4A 
The maximum charge time at this rate is 30 min. 
b. Trickle charge rate = C/8 = 2=0.25A 





8-7.4 Disadvantages 


Compared to other secondary cells, nickel-cadmium cells 
have three disadvantages. 


1. ‘‘Memory effect.’’ If the cell is operated at certain 
low discharge levels for short, repetitive periods, it 
becomes conditioned to this level and ‘‘forgets’’ its 
original design capacity. Thus it delivers only this 
low output, even when the demand for power is 

_ increased. 

2. Shelf life. A fully charged cell, if it is allowed to 
stand unused at 20°C, will drop to 80% of its 
capacity in only 21 days. If the storage temperature 
is 30°C, the same result will occur in only 10 days. 

3. Cost. Nickel-cadmium cells cost about twice as 
much as a lead-acid battery for the same amount of 
energy. 
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8-8 OTHER SECONDARY CELLS 


8-8.1 Gelled-Electrolyte Lead—Acid 
Cells 


These cells provide all the advantages of the wet-cell lead— 
acid battery, but use a gelled electrolyte to avoid the prob- 
lems presented by the liquid electrolyte. They are com- 
pletely sealed and can be mounted in any position, since 
the electrolyte will not spill. A relief valve opens to release 
internal pressure if it rises too high during charging, and 
automatically closes as pressure drops to an acceptable 
level. For maximum cell life, a gelled-electrolyte cell 
should not be left on continuous charge. 

These batteries are available from 2 to 12 V, with ca- 
pacities ranging from 0.9 to 20 Ah, based on a 20-h dis- 
charge rate. The maximum current ranges from 40 to 200 
A. Gelled-electrolyte lead—acid batteries are used in port- 
able tools, portable TV sets, and a variety of industrial 
applications. 


8-8.2 Silver—Zinc and Silver—Cadmium 
Cells 


These cells have an energy output, per pound, that is two 
to three times greater than nickel-cadmium cells. They are 
used as power sources for portable television cameras, vi- 
deotape recorders, missile guidance systems, and similar 
applications. Battery packs are available with capacities 
ranging from 0.1 to 750 Ah. 

The silver—cadmium cell produces 1.1 V; the silver— 
zinc, 1.5 V. Both are more expensive than nickel—cad- 
mium cells and their recharge life cycles are much shorter. 
However, they do not suffer from the ‘“‘memory effect’’ 
disadvantage of the nickel-cadmium cell. 


8-8.3 Cells of the Future 


Interest in producing practical, efficient electric vehicles 
has promoted development of a battery with higher energy 
density and lower weight than the present lead-acid bat- 
tery. One recent development is the zinc—nickel oxide bat- 
tery, which weighs less than half as much as a lead-acid 
battery and produces equal energy. A vehicle powered by 
these batteries can travel at up to 50 miles per hour, with 
a range of 100 miles before recharging. Battery life is 
30,000 miles. The zinc-nickel oxide battery can be fully 
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FIGURE 8-9 
The General Motors breakthrough on electric vehicle 
battery technology is illustrated here in a size 
comparison between the conventional lead—acid 
batteries in the foreground and the zinc-—nickel oxide 
batteries in the rear. The battery packs have equal 
energy, but the zinc—nickel is only half as large and 
at 900 Ib weighs less than half as much as the 
2000-Ib lead-acid pack. (Courtesy of General Motors 


Corporation.) 


recharged in 10 to 12 hours from a 120-V ac source, or 6 
to 7 hours from a 220-V ac source. (See Fig. 8-9.) 

The generation of batteries now under development in- 
cludes a lithium—iron sulfide cell (Fig. 8-10), with even 
greater energy density than the zinc—nickel oxide cell, and 
a sodium—sulfur cell that has four times the energy density 
of a lead-acid cell. A problem to be overcome with the 
sodium—sulfur cell is that both sodium and sulfur are very 
corrosive, and must be kept at temperatures of 300 to 
400°C to maintain the chemical reaction. 


8-9 COMPARISON OF SECONDARY 
CELLS 


The differences in terminal voltage, discharge characteris- 
tic, and relative energy content for the four types of sec- 
ondary cells discussed in Section 8-8 are shown in Fig. 8- 
11. Other electrical characteristics of the four types of cells 
are shown in Table 8-4. 
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FIGURE 8-10 

Comparison of three battery technologies. The three 
battery cells shown here have the same energy- 
storage capacity. At the left is a conventional lead— 
acid battery. The next two are experimental batteries 
under development at General Motors Research 
Laboratories, Warren, Mich. In the center is the 
zinc—nickel oxide battery, about ¥s the size and 
weight of the lead-acid; at the right is the lithium— 
iron sulfide, about % the size and weight. (Courtesy 
of General Motors Corporation.) 


8-10 OTHER SOURCES OF EMF 


The different types of sources available to produce electri- 
cal energy are shown in Table 8-5. All the cells described 
so far in this chapter are chemical sources, which store 
electrical energy in the form of chemical energy. All the 
other sources listed in Table 8-5 are converters—they can- 





oO 1 2 3 4 5 6 7 8 9 10 
Discharge time, hours 
FIGURE 8-11 
Discharge characteristics for lead-acid, nickel- 
cadmium, silver—cadmium, and silver—zinc cells of 
equal weight and current drain. 
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TABLE 8-4 
Comparison of Common Secondary Cells 


|W =¥-(o bey -Vel(op 


Wet and Dry 


[fer (=) ee @r-Lolan (ein 
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STI AV(=1 ee Or-Tolnnlielan Silver—Zinc 





Negative, anode Sponge lead Nickelic hydroxide Zinc 
Positive, cathode Lead peroxide Cadmium Silver oxide 
Electrolyte Sulfuric acid Potassium hydroxide | Potassium hydroxide Potassium hydroxide 
Nominal voltage, V 2.2 1:2 11 1.5 
Maximum rated current High Medium Medium Medium 
(100—40,000 A) (0.1-100 A) 
Energy output 
Watt-hours/Ib 10 to 14 12 to 16 22 to 34 40 to 50 
Watt-hours/in.* 0.9 to 1.1 1.2 to 1.5 1:5 10 2.7 2.5 to 3.2 
Cycle life 200 to 500 500 to 2,000 150 to 300 80 to 100 
Temperature range 
Storage, °F — 76 to 140 — 40 to 140 = 65 iO 165 — 85 to 165 
Operating, °F — 76 to 140 —20 to 140 —10to 165 —10 to 165 
Shelf life at 68°F to 80% 8 (with lead- 5101 3 3 
initial capacity, months calcium grids) 
Internal resistance, 0 Low Low Very low Very low 
(0.001 to 0.03) (0.003 to 0.5) 
Shape of discharge curve Sloping Flat Flat Flat 
Relative cost; 1 = lowest 1 Z 4 3 


not store electrical power, but must produce and deliver it 
at the instant it is needed. 


8-10.1 Fuel Cells 


A fuel cell is a chemical source that provides, but does not 
store, electrical energy. It generates an emf only as long 
as the oxygen and hydrogen fuels are fed to it. (See 
Fig. 8-12.) 


TABLE 8-5 
Different Sources of emf 


Type of 


Energy Source 


Typical Device 





Chemical Voltaic batteries, fuel cell 
Photovoltaic (light) Solar and photocells 
Mechanical Alternators and generators 
Thermoelectric (heat) Thermocouple 
Piezoelectric (pressure) Crystal 


A fuel cell generates electricity by reversing the process 
known as electrolysis. In electrolysis, a de voltage is ap- 
plied to two platinum electrodes immersed in water. The 
current that flows between the electrodes decomposes the 
water into its components: hydrogen and oxygen. The hy- 
drogen gas accumulates around the negative electrode 


Catalytic Electrodes 


Electrolyte or 
membrane 


Oxidizer 
(O.) 





FIGURE 8-12 
Arrangement of an oxygen—hydrogen fuel cell. 
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(cathode) and the oxygen gas around the positive electrode 
(anode). In chemical terms: 


2H.O + electricity = 2H. + Oo (8-9) 


Equation 8-9 is reversible. This means that the combi- 
nation of hydrogen and oxygen, in some suitable reaction, 
should produce water plus electricity. That is, 


2H. + Oo = 2H20 + electrical energy (8-10) 


In the fuel cell (Fig. 8-12), a fuel containing hydrogen 
(such as ammonia, methyl alcohol, or natural gas) is intro- 
duced at one side. When it comes in contact with a nickel 
boride catalyst around the anode, the hydrogen ionizes and 
forms H* ions. The anode picks up the electrons and be- 
comes negatively charged. The H™ ions move through the 
membrane or potassium hydroxide electrolyte and react 
with the oxygen gas introduced at the other side of the 
cell. A silver catalyst at the cathode promotes this reac- 
tion, at the expense of electrons, and the cathode becomes 
positively charged. The potential difference between the 
two electrodes produces an emf. Neither the electrolyte nor 
the electrodes are affected by the operation. A by-product 
of the reaction is water (Eq. 8-10), which is useful in cer- 
tain applications. In manned spacecraft, for example, the 
fuel cells used for power supplies also produce water for 
drinking and cooling purposes. 


FIGURE 8-13 
Fuel cells under construction that operate from 
natural gas and develop 40 kW of electric power. 
(Courtesy of Gas Research Institute, Chicago, 
Illinois. Photography by Bruce Quist.) 
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A single fuel cell can generate from 0.5 to 1 V. By 
suitable series-parallel interconnection, cells can make up 
batteries with a typical output of 2 kW for spacecraft ap- 
plications. The high efficiency (over 40%), low noise, low 
pollution, and low waste characteristics of fuel cells have 
led industry to develop a 40-kW power plant for potential 
commercial use. (See Fig. 8-13.) A number of these plants 
are now in operation, supplying up to 40 kW of electric 
power, and an equivalent thermal output in the form of hot 
water and steam, providing an overall efficiency of 80%. 
This is an example of a cogeneration plant, where the elec- 
tricity may be used directly by the owner or may be sold 
back to the electric generating utility. In these fuel cell 
plants, natural gas provides the hydrogen and air is the 
oxygen source. Phosphoric acid is used as the electrolyte 
and presently needs periodic replenishment as the fuel cell 
operates. The direct current output is converted to three- 
phase 120/208-V, 60-Hz alternating current by solid-state 
inverters, suitable for connection to the local power grid. 
Fuel cell power plants with higher outputs are now under 
consideration, since costs are competitive with conven- 
tional and nuclear generating facilities. 


8-10.2 Solar Cells 


The electrical power in unmanned satellites is usually de- 
veloped by silicon solar cells, which convert light energy 
from the sun directly into electrical energy. 

Basically, the solar cell is a PN junction, semiconductor 
device similar to the diodes used for rectification. (Chapter 
28 will present a detailed discussion of P-type and N-type 
silicon.) When light energy strikes the solar cell, it passes 
through a thin transparent layer of P-type silicon to gen- 
erate electrons and holes in the N-type silicon.* These car- 
riers cross over the junction depletion layer, as shown in 
Fig. 8-14a, to produce an emf of approximately 0.5 V on 
open circuit. 

Depending on its surface area, each solar cell produces 
only a few milliamperes. Commercially available solar 
cells, 3 in. in diameter, produce approximately 120 mA at 
0.45 V. Using series-parallel interconnections, cells can be 
combined into panels producing 5 W at 12 V. Such panels 
are used with telephone repeater amplifiers in remote des- 
ert locations. During daylight hours, the panels recharge 
batteries that provide power through the night. A typical 
solar module is shown in Fig. 8-14b. 





A hole is the vacancy left in a covalent bond when an electron breaks 
free. Holes contribute to current in pure silicon. (See Chapter 28.) 
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(a) Basic construction of a silicon (6) Typical solar module. FIGURE 8-14 
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The most efficient cells produced thus far can convert 
28% of the light falling on them into electrical energy. 
(Optical losses in focusing the energy reduce this to an 
effective value of 25%.) In spite of this relatively low fig- 
ure (thermal power plants are about 40% efficient) and the 
relatively high cost of the electricity produced, solar cells 
are being manufactured and installed around the world. 

One such installation provides for the electrical needs 
of an Arizona Indian village with 96 residents. The village 
is too far away from existing power lines to make it eco- 
nomically feasible to bring in electricity by transmission 
lines. The installation consists of an array of three 64-foot 
rows of panels containing a total of 8064 three-inch cells. 
The array produces 120-V dc. Excess electrical energy is 
stored in a bank of lead—acid batteries for use at night and 
on cloudy days. The batteries can deliver full power to the 
village for up to 10 days at a time. The solar photovoltaic 
array delivers 3.5 kW of peak power at noon on a clear 
day, and is used to power 47 fluorescent lights, a 2-hp 
water pump, and 15 small refrigerators. Figure 8-15 shows 
another large solar array. 


8-10.3 Alternators 


Most of the electrical power used in homes and industry is 
generated by using mechanical energy to move a conduc- 
tor through a magnetic field. This process, called electro- 
magnetic induction, is the basic principle of all dc gener- 


SUMMARY 
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ators and ac alternators. Electromagnetic induction will be 
covered in detail in Chapter 14. 


8-10.4 Thermocouples 


There are a number of thermoelectric effects that can use 
temperature differentials as a means of generating an emf. 
One such device is the thermocouple. It consists of two 
dissimilar metals (such as iron and copper) twisted to- 
gether at one end and subjected, at that junction, to high 
temperature. A small potential difference of a few milli- 
volts is produced between the conductors at the cold end. 
Thermocouples are most widely used in temperature mea- 
surement (from —450°F to more than 3000°F), and in 
heating systems. In a heating system, the voltage gener- 
ated by the thermocouple indicates that the pilot flame is 
burning, and thus available to light the main gas burner. 
(See Section 11-3.4.) 


8-10.5 Piezoelectrics 


An emf can be generated by pressure through what is 
known as the piezoelectric effect. Certain quartz crystals, 
when subjected to a physical force or pressure, will gen- 
erate a voltage across the crystal face. They are used pri- 
marily as transducers (converters of mechanical to electri- 
cal energy) in phonograph pickups, microphones, and 
devices to measure sound and pressure. 
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A voltaic cell requires two electrodes, immersed in an electrolyte, to produce an 
emf. 

A copper—zinc cell produces approximately 1 V due to ions from the zinc electrode 
‘‘replacing’’ hydrogen in the electrolyte and causing a separation of charge 
through motion of the ions. 

Polarization is the accumulation of insulating hydrogen gas around a cell’s elec- 
trode. It causes an increase in internal resistance and a reduction in generated 
voltage. 

The carbon—zinc cell is a dry cell that produces 1.5 V using an ammonium chlo- 
ride electrolyte. Manganese dioxide is a depolarizer material used to remove ac- 
cumulated hydrogen gas from the electrode. 

An alkaline-manganese cell uses a potassium hydroxide electrolyte, zinc anode, 
and manganese cathode to produce 1.5 V. 

Shelf life is the length of time a stored cell will retain 80% of its energy. It can 
be extended by storage at cool temperatures. An alkaline cell has three to six times 
the shelf life of a zinc—carbon cell. 


SELF- 


10. 


11. 


12. 


13. 


14. 


1D. 


16. 


EXAMINATION 


Mercury— and silver—oxide cells have a very high energy density and a flat dis- 
charge curve. They are most suitable for low-current applications. 

A secondary cell, unlike a primary cell, can be returned to its original condition 
by recharging. Recharging makes use of a reversible chemical reaction. 

A fully charged lead—acid cell has a lead peroxide positive plate, a spongy lead 
negative plate and an electrolyte of sulfuric acid. It develops approximately 2.2 
V. 

The lead sulfate produced during discharge of a lead—acid cell can be converted 
back to lead peroxide and sponge lead by the external connection of a charger 
(positive to positive, negative to negative). 

A hydrometer can be used to determine the state of charge of a lead-acid cell by 
measuring the specific gravity of the electrolyte. A reading of 1.13 indicates a 
discharged cell; 1.28 indicates a fully charged cell. 

The ampere-hour (Ah) capacity of a battery is the product of current and time. It 
determines how much current the cell can deliver, based on an 8-hour discharge 
period. 

The nickel-cadmium cell is the most popular rechargeable dry cell for use in 
portable equipment. It develops 1.2 V and can be recharged up to 2000 times. 
The nickel—cadmium cell can be left on trickle charge for an indefinite period, but 
loses its charge rapidly when on standby. 

Gelled-electrolyte lead—acid cells are portable versions of the lead—acid automotive 
battery. They have a much smaller capacity and should not be left on continuous 
charge. 

Silver—zine and silver—-cadmium cells are used in lightweight equipment because 
of their high energy density. Like the nickel-cadmium cell, they have a flat dis- 
charge characteristic. 

Fuel cells that produce electricity by combining oxygen and hydrogen, and solar 
cells that directly convert light energy to electricity in a PN junction, are possible 
energy sources of the future if economically developed. 


SELF-EXAMINATION 


Answer T or F or indicate a, b, c, or d 


8-1. 
8-2. 


8-3. 


In a copper—zinc cell, both the copper and zinc electrodes are used up. 


Current inside a copper—zinc cell consists of the motion of 
a. Positive ions. c. Both positive and negative ions. 
b. Negative ions. d. Electrons. 


The collection of hydrogen gas around the positive electrode of a cell is called 
a. Amalgamation. 

b. Polarization. 

c. Ionization. 

d. Hydrogenation. 

A carbon—zinc cell is an example of a dry primary cell. 

Local action reduces the shelf life of a cell. 

All cells, no matter what the materials involved, produce 1.5 V. 
The electrolyte in an alkaline—manganese cell is 

a. Ammonium chloride. 

b. Potassium hydroxide. 
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8-8. 


8-9. 
8-10. 


8-11. 
8-12. 


8-13. 


8-14. 


8-15. 


8-16. 
8-17. 
8-18. 


8-19. 


c. Sulfuric acid. 

d. Manganese dioxide. 

Which of the following is false? The advantages of an alkaline cell over a Le- 
clanché cell are 

a. Longer shelf life. 

b. More energy. 

c. Lower temperature operation. 

d. Flat discharge characteristic. 

Mercury and silver oxide cells are secondary cells. 

A lead—acid cell is rechargeable because 

a. Its electrolyte is sulfuric acid. 

b. It is a wet cell. 

c. Its chemical reaction is reversible. 

d. Its electrolyte has a high specific gravity. 

The cathode of a lead—acid cell is gray spongy lead. 

As a lead—acid cell discharges, both electrodes convert to lead sulfate. 


At 68°F a fully charged lead—acid cell should have a specific gravity close to 
a. 1.13 


b. 1.2 
c. 1.28 
d. 22 


A 100-Ah capacity battery should deliver a current of 8 A for approximately 
a. 12h 


b. 8h 
c. 20h 
d. 100h 


The nickel-cadmium cell is 

a. A wet secondary cell. 

b. <A dry primary cell. 

c. A wet primary cell. 

d. A dry secondary cell. 

If a nickel-cadmium cell is to be quick-charged, there is some maximum time 
that should not be exceeded. 

A gelled-electrolyte lead-acid cell is similar in characteristics to a wet cell ex- 
cept that it is portable. 

A flat discharge characteristic is one in which the terminal voltage of a cell is 
relatively constant under use but then decreases rapidly when discharged. 

Both fuel cells and solar cells are examples of secondary cells. 


REVIEW QUESTIONS 


Le 


What is the basic reason for the difference between primary and secondary cells? 


2. What two conditions can cause a copper—zinc cell to become fully discharged? 


e 


What do you understand by the words polarization and amalgamation? 


b. What steps are taken in a cell to overcome the first and what condition does 


the second present? 
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PROBLEMS 


4. 


a. How are the words anode and cathode applied to a cell? 
b. Which is which in a copper—zinc cell? 


5. How does a depolarizer work? 
6. a. Give three advantages that an alkaline—-manganese cell has over a carbon— 
zinc. 
b. What is one disadvantage? 
7. a. What are the main applications for mercury and silver oxide cells? 
b. Why? 
8. a. Where does the alkaline-manganese cell get its name? 
b. Are the mercury and silver oxide cells also alkaline cells? 
9. Why do you think the lead—acid cell is the cheapest of all the secondary cells? 
10. Why should a lead—acid cell be fully charged before being stored unused for any 
length of time? 
11. What do you understand by the terms dry-charge and wet-charge, as applied to 
the construction of lead—acid cells? 
12. How is it possible to manufacture a completely sealed lead—acid battery? 
13. Why does the specific gravity of a lead—acid cell’s electrolyte indicate the state of 
charge of the cell? 
14. What is the ampere-hour capacity an indication of in a battery? 
15. What is the reason behind the ability of a nickel-cadmium cell to remain on trickle 
charge indefinitely? 
16. a. Why is it necessary to limit the charge time of a nickel—cadmium cell when 
it is being recharged quickly? 
b. Where does the charging energy go after the cell becomes charged? 
17. a. What other secondary cells are there? 
b. What applications do they have? 
18. What do you understand by the term memory-effect as applied to a nickel—cad- 
mium battery? 
19. a. What are the five types of energy source (as far as producing electrical en- 
ergy)? 
b. Which are not practical for producing large energy quantities for commercial 
use? 
20. a. What is the main advantage of a solar cell? 
b. What two disadvantages does it have? 
PROBLEMS 


(Answers to odd-numbered problems at back of book) 


8-1. 


8-2. 


If a gallon of water weighs 8.3 lb, how much will a gallon of sulfuric acid 
weigh if a hydrometer gives the following readings? 

a. 1130 

b. 1280 

A fresh alkaline C-cell has a capacity of 1.5 Ah in a certain application. Deter- 
mine 

a. The available capacity of the cell after being stored for 30 months at 20°C. 
b. The length of time the cell in part (a) could deliver 40 mA. 

c. The length of time a fresh cell could deliver 40 mA. 
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8-3. 


8-4. 


8-5. 


8-7. 


8-8. 
8-9. 


8-10. 


Repeat Example 8-3 for a 40% reduction in terminal voltage. Compare the re- 
sults with those of Example 8-3. What conclusions can you draw regarding the 
relative lengths of service of one cell compared with another? 

A battery has a 100-Ah capacity. 

a. How many coulombs of charge does this represent? 

b. How much current should this battery be able to deliver for 8 hours? 

c. If the battery is recharged at the rate of 5 C/s, how long will it take to fully 
charge the battery? 

It is required to quick-charge a fully depleted 12.2-V, 6-Ah nickel-cadmium 

battery in approximately 12 min. 

a. Ifa 36-V charger with a 0.5-Q internal resistance is to be used, what ad- 
ditional series resistor is needed and what must be its power rating? (As- 
sume that the voltages remain constant during the charging period.) 

b. What must this resistance be increased to if the battery is to remain on 
trickle charge? 

c. If no resistor is used between the charger and battery, what is the maximum 
length of time charging should be allowed to take place? 

d. Ifa 36-V charger is available that has an internal resistance of 3 (, would 
it be possible to recharge the battery in approximately 3 h? Explain. 

Refer to the solar cell installation in this chapter. 

a. How much power must each cell produce? 

b. Assuming each cell develops 0.432 V on load, what current is delivered by 
each cell? 

c. Determine a possible series-parallel connection to produce 3.5 kW at 120 V. 

. What is the maximum available current from this combination? 

e. Ifthe battery system can supply full power for 10 days, what is the average 
daily use of energy? 

f. Assuming that the cells produce full peak power for 10 hours a day, how 
long will it take to fully charge the batteries from full discharge while sup- 
plying the average daily use of energy? 

A No. 6, 1.5-V dry cell is short-circuited at 70°F. 

a. What is the current? 

b. What is the cell’s internal resistance? 

Repeat Problem 8-7 using a temperature of 20°F. 

a. What would be the short circuit current of a 1.5-V D-size flashlight cell at 
70°F? 

b. What is the cell’s internal resistance? 

Repeat Problem 8-9 using a temperature of 20°F. 
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Internal resistance is an inevitable part of any voltage source. 
Although the effects of internal resistance in a power supply can 
be reduced by voltage regulators, a// batteries (because of internal 
resistance) suffer a reduction in terminal voltage when a load is 
connected. When cells are interconnected to form batteries, the 
total internal resistance must be determined. This resistance may 
be found by using the methods introduced for determining 
resistance in series and parallel circuits. The voltage, current, and 
ampere-hour capacities of the batteries also must be considered. 


The internal resistance of a source determines the maximum 
power that may be delivered to a load. To achieve maximum 
transfer of power, the load resistance must be made equal to the 
internal resistance of the source. In this condition—known as 
maximum power transfer—the load is said to be matched to the 
source. The wattmeter is introduced in this chapter as a means of 
power measurement. 
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INTERNAL RESISTANCE OF A CELL 


9-1 INTERNAL RESISTANCE OF A 
CELL 


It was shown in Chapter 8 that cells are made up of elec- 
trodes and electrolytes, all of which have some amount of 
electrical resistance. A cell, while generating an emf, has 
a resistance distributed throughout its component 
parts. 

The sum of these internal resistances is usually lumped 
together. It is shown as a single equivalent resistance (r) 
in series with the emf, as shown in Fig. 9-la. If a volt- 
meter that draws a negligible current is connected across 
the terminals of the cell, it will indicate the cell’s emf. 
This is referred to as the open circuit or no-load volt- 
age (V). 

But when a load is connected to the cell (Fig. 9-15), 
the current that flows, according to Ohm’s law, is: 


V 
j= 
R, +r 





(9-1) 


This current, flowing through the internal resistance of 
the cell, causes an internal voltage drop given by: 


V, =Ir (9-2) 


As a result, when the load current (/) flows, the termi- 
nal voltage (V,) of the cell drops below the open circuit 
voltage (V): 


VY, =V-—TIr (9-3) 


Equation 9-3 shows that the greater the load cur- 
rent, and the greater the internal resistance, the more 
the terminal voltage will decrease. This, in fact, is how 
a battery’s condition is checked—by noting its terminal 
voltage under load. When a cell deteriorates, its internal 
resistance increases, and (for the same load current) it 
shows a lower terminal voltage. 


Positive terminal 


of cell " 

Internal 

resistance 

of cell ————____S, 
Voltmeter 
indicates 
cell’s open 
circuit emf 





Negative terminal 
of cell 


(a) Measuring the open-circuit emf, 
V, of a cell 


(b) Measuring the terminal voltage, V,, 
of a cell under load 
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EXAMPLE 9-1 


A battery has an open-circuit voltage of 6.5 V and an 

internal resistance of 2.5 ©. A load of 10 © is connected 

across the battery. Calculate: 

a. The current through the load. 

b. The internal voltage drop in the battery. 

c. The terminal voltage of the battery under load. 

d. The terminal voltage if the battery’s internal resis- 
tance increases to 5 0. 








Solution 
V 
a. |= Rit (9-1) 
_  65V 
104+ 250 
= 0.52 A 
b. V,=/r (9-2) 
= 052A x 2.50 
=~ 1.3V 
c Vj;=V-Ir (9-3) 
=~65V-—1.3V 
= 5.2V 
V 
oak Ri +r (9-1) 
—  65V 
~~ 10+50 
= 0.438 A 
V;=V—Ir (9-3) 


65V—043A x 50 
6.5V — 2.15 V = 4.35 V 


If the load resistance (R,) is connected so that it 
drops the terminal voltage to one-half the open circuit 





FIGURE 9-1 
Measuring the open-circuit and 
terminal voltage of a cell. 
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voltage, then R,; must be equal to the internal resis- 
tance (r). This is because the emf is evenly divided be- 
tween the two resistances. For sources with low internal 
resistance, a more practical way of determining 7 is to 
measure the terminal voltage at some known load current, 
then calculate the value of r by using Eq. 9-3. 


EXAMPLE 9-2 


The terminal voltage of a 1.2-V nicad cell drops to 1.1 V 

when supplying a full-load current of 150 mA. Calculate: 

a. The cell’s internal resistance. 

b. The load resistance that would drop the terminal 
voltage to 0.6 V. 


Solution 
a V~=V-T/r (9-3) 


Therefore, 
V—V, 
/ 
Lev = 1.1, ¥ 
0.15A 
0.1 V 
015A 0.67 © 
b. When the terminal voltage equals one-half the open- 
circuit voltage, the load resistance must be equal to 
the internal resistance of 0.67 ©. 





Figure 9-2 shows the change in terminal voltage with 
load current. An ideal voltage source would have no 
change in terminal voltage. The change that occurs from 


Terminal voltage, V; 







No-load voltage, VNL 
Full-load voltage, Ve, 


— 


Full-load current 
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no-load to full load is given by the percentage voltage reg- 
ulation: 


Vu, — V. 
ey 100% 
FL 


% voltage regulation = (9-4) 


where: Vx, = the no-load or open-circuit voltage 
Vr. = the terminal voltage at full-load current 


Note that an ideal voltage source would have a 0% voltage 
regulation. 





EXAMPLE 9-3 


a. Determine the percentage voltage regulation of the 
1.2-V cell in Example 9-2. 

b. A power supply is known to have a voltage regula- 
tion of 40% and a no-load voltage of 21 V. What is 
the full load voltage? 


Solution 


a. % voltage 
VN ~ VeL 
VeL 
 teavm 1 
7 1.4V 
0.1 V 
1.1V 
= 9.1% 


regulation = x 100% (9-4) 


x 100% 





x 100% 


b. % voltage 
Va. — V 
“1 x 100% (9-4) 
Vev 


regulation 


oY = 
40% = AR io x 100% 
VeL 


Drop due tor = Ifpr 


FIGURE 9-2 

Effect of internal resistance and 
load current on terminal voltage, 
Vi. 


I, load current 
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HV = Ve 
0.4 = 
Vet 
0.4 Ve. = 21 V — Viv 
1.4 Ve =21V 
V 
Vet = se = 15 V 


EXAMPLE 9-4 


A 12-V, 1.5-Ah gelled-electrolyte lead—acid battery has a 

terminal voltage of 10.5 V when delivering a full-load cur- 

rent of 10 A. Calculate: 

a. The battery’s internal resistance. 

b. The battery’s voltage regulation. 

c. The battery’s current and terminal voltage when a 2- 
Q, load is connected. 

d. The load resistance that would drop the terminal 
voltage to 6 V. 

e. The terminal voltage of a dc generator to recharge 











the cell at 5 A. 
f. The amount of current the fully charged cell can de- 
liver for 20 h. 
Solution 
V-YV, 
a f= — (9-3) 
12V-105V 1.5V 
7 10 A -aa 
b. % voltage regulation 
— Vn = Vet 190% (9-4) 
Vet 
_ 12V — 10.5 V oe P 
= i0BV x 100% = 14.3% 
V 
. d= 9-1 
= R, +r oe) 
__12V 
24+ 0150 
12 V 
~~ 2.150 ee 
V.=V-—Ir (9-3) 
= 12V — 5.58A x 0.15 0 
= 12V — 0.84 V 
= 11.16 V 


d. When the terminal voltage is one-half the no-load 
voltage, the load resistance equals the internal resis- 
tance, 0.15 ©. 

e. To charge the battery, the generator must be con- 
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FIGURE 9-3 
Charging circuit for Example 9-4. 


nected across the battery with like polarities, as 
shown in Fig. 9-3. 
Clearly, Vg = V+ Ir 
12V+4+ 5A X 0.15 0, 
12 ¥ + 0.75 V 

= 12.75 V 
ampere-hour capacity 

hours 


f. current 


1.5 Ah 
~ 20h 





= 0.075A = 75 mA 


9-2 SERIES AND PARALLEL 
CONNECTIONS OF CELLS TO 
FORM A BATTERY 


9.2.1 Series Connections 


As you learned in Chapter 8, the emf developed by an 
individual cell is generally from 1 to 2 V. To provide a 
higher terminal voltage, cells can be connected in series to 
form a battery, as shown in Fig. 9-4. One result of the 
series connection, however, is an increase in overall inter- 
nal resistance. If the cells are identical (which is not nec- 
essarily the case), the total voltage and total internal resis- 
tance can be determined by: 


Vr=n-:v 
fr = nts 


(9-5) 
(9-6) 


where n is the number of cells in series. 

Note that the current capability of the battery is not in- 
creased over that of a single cell. For example, if three 
equal cells are series-connected, the maximum current de- 


156 


vO vo V . 
+ | | — + | haa 2 t | a = 
f 


3V 
|I-w— 
I 
FIGURE 9-4 
Series interconnection of cells. 


liverable (current capability) is the same as one cell, as 
shown by the following: 


ae 


av. UV 
Ir 3r r 


I 


If the cells are different, the current must not exceed 
the current capability of the cell with the lowest current 
capability. Otherwise, the terminal voltage of this cell may 
be reversed due to the high internal resistance of the cell 
causing a high internal voltage drop. Not only does this 
defeat the purpose of putting cells in series to increase 
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overall terminal voltage, but internal heating in the cell 
could cause damage to the cell. The following example 
illustrates these points. 


EXAMPLE 9-5 


a. Three series-connected 1.5-V cells, each with an in- 
ternal resistance of 0.1 ©, deliver current to a load 
of 1.2 ]. Determine the load current and voltage. 

b. In an attempt to increase load current and voltage, 
another 1.5-V cell that has an internal resistance of 
1.5 Q is connected in series with the first three ceils. 
Determine the new load current, load voltage, the 
terminal voltage across the fourth cell, and its inter- 
nal power dissipation. 


Solution 
a. See Fig. 9-5a. The open-circuit terminal voltage of 
the three cells is given by: 


ye Y (9-5) 
3x15V=45V 


The total internal resistance is given by: 


i Ue (9-6) 
=3x019=030 





(a) Three equal series-connected cells 





(6b) Circuit with high internal resistance cell added 


FIGURE 9-5 
Circuits for Example 9-5. 
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The load current is 


i = 





The load voltage is 
Ve = IR 
=3AX1.20= 3.6V 


b. See Fig. 9-56. The open-circuit terminal voltage of 
the four cells is 
Vr =f: V 
=4x15V=6V 


(9-5) 


The total internal resistance is 


rr=3x0190+150 
=~030+150=180 


The load current is 





= 


The load voltage is 


Ve = IR 
2AX1.20=24V 


Terminal voltage of the fourth cell is 


Vap = V—-Lr 
=15V-2AxX 1.50 
=15V—-3V= -1.5V 


That is, V; = Vs, = +1.5 V. The terminal voltage 
polarity under load is opposite to the open-circuit 
voltage polarity. 

Internal power dissipation is 


P= fr 
(2A)? x 1.50 
=6W 


Note that the short-circuit current of the first three cells 
in Example 9-5 is 1.5 V/0.1 Q or 15 A. However, the 
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short-circuit current of the fourth cell is only 1.5 V/1.5 0 
or 1 A. The addition of the fourth cell actually reduces 
load current and load voltage due to its high internal resis- 
tance and low current capability. Also, the internal power 
dissipation of 6 W is four times higher than the short-cir- 
cuit power dissipation—a condition that will lead to certain 
overheating and damage to the fourth cell. 


9.2.2 Parallel Connections 


The advantages of connecting cells in parallel to form a 
battery (Fig. 9-6) are an increase in current capability and 
a reduction in the total internal resistance. If the cells are 
identical or closely matched (which is necessary to avoid 
large internal circulating currents), the result is 


(9-7) 
(9-8) 


where n’ is the number of cells in parallel. 
Note that, when cells of equal voltage are connected in 
parallel, there is no increase in terminal voltage. 


9-2.3 Series-Parallel Connections 


A series-parallel connection, shown in Fig. 9-7, is typical 
for solar cells and for 6-V lead—acid batteries. (Refer back 
to Fig. 8-8, which shows that each 2-V group consists of 
three parallel-connected cells.) With this form of connec- 
tion, both voltage and current capability are increased. The 
internal resistances are determined by using series-parallel 
resistance computation methods. 





FIGURE 9-6 
Parallel interconnection of cells. 





WY 
+ A _ 
sil 


(c) Series-parallel 


9-2.4 Ampere-Hour (Ah) Capacities 


For similar capacity cells connected in series, the total am- 
pere-hour (Ah) capacity is the same as the individual ca- 
pacity of one cell. That is, the total ampere-hour capacity 
is not increased above that of a single cell. When the cells 
are connected in parallel, however, the total ampere-hour 
capacity is the sum of the individual cell capacities. For 
series-parallel combinations, the total ampere-hour capac- 
ity depends on the particular form of connection, as shown 
in Example 9-6. 





EXAMPLE 9-6 


Six 2-Ah, 1.5-V cells, each with a resistance of 0.1 Q, 
are to be interconnected. If each cell is capable of a cur- 
rent of 100 mA determine the terminal voltage, current 
capability, internal resistance, and ampere-hour capacity 
of the following arrangements: 

a. All connected in series. 

b. All connected in parallel. 

c. Three series connections of two each in parallel. 


Solution 
a. V; =n: V (9-5) 
=~6x1.5V 
= 9V 


The current capability is the same as one cell, 100 
mA. 
6 slime Lae (9-6) 
=6x 010 =060 


The total ampere-hour capacity is the same as one 
cell = 2 Ah. 
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FIGURE 9-7 
Series-parallel interconnection of cells. 


b. The open-circuit terminal voltage is the same as one 


cell, 1.5 V. 
lr=n':l (9-7) 
= 6 x 100 mA 
= 600 mA 
fi; = is 9-8 
or n' ( . ) 
= a = 0.017 2 


The total ampere-hour capacity is the sum of the ca- 
pacities of the six cells = 12 Ah. 

Each of the three series connections has a voltage 
of 1.5 V. The total terminal voltage is given by 


Vrp=Hn:Vv (9-5) 
3<é 15 V 
= 45V 


The total current capability is the same as each par- 
allel group of two cells, which has a current capabil- 
ity: 

L=n'-l (9-7) 
2 x 100 mA 
= 200 mA 


Each parallel group of two cells has an internal resis- 
tance given by 


‘7; = (9-8) 


I 
| 
o 
ro) 
oi 
s) 


The total resistance of the three series groups is 


fr=ner (9-6) 
3 x 0.05 2 
= 0.15 0 
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Lo WV LO 


V 1.5 V 15 V Lo ¥ LO ¥ 
4 | — + | — + | — + | — + | —- + | - 
0.10 0.10 0.10 0.10 0.10 0.10 


0.6 2 


n = 
ofp — 100 mA, 2 Ah, 18 Wh 


(a) Series connection 





4. | _ 
o—]}-—Wwyv+- 600 mA, 12 Ah, 18 Wh 


(b) Parallel connection 





4 0.19 7 
0.12 
+ — 
zs 4.5 V 0.15.0 at 
t—~Ww4——_ 200 mA, 4 Ah, 18 Wh 
; | 7 FIGURE 9-8 
(c) Series-parallel connection Circuits for Example 9-6. 
total energy of the cells, capacity = 0.1 A x 20h x 2 
W = Vit (3-4) = 4Ah 


=45V x 0.2A x 20h = 18 Wh Note that although the ampere-hour capacities are 


(Each parallel cell can deliver 0.1 A for 20 h.) different for each connection, the total energy is the 
same for each connection. 





; 18 Wh 
total ampere-hour capacity = 7 Series: 0.1 A at 9 V for 20 h = 18 Wh of energy. 
—~4ADh Parallel: 0.6 A at 1.5 V for 20 h = 18 Wh of energy. 
Or each of the two parallel cells (in each series com- Series-parallel: 0.2 A at 4.5 V for on whet 
bination) can deliver 0.1 A for 20 h. ies of energy. 


Thus total ampere-hour mee Hig. 9-6. 





160 


9-3 MAXIMUM POWER TRANSFER 


Internal resistance (r) is not a property that belongs exclu- 
sively to cells and batteries. All ac or dc power sources 
(such as amplifiers, microphones, or any other source of 
emf) have an internal resistance, more generally called in- 
ternal impedance. 

In many applications, it is desirable to achieve the 
greatest possible transfer of power from the source to the 
load. With a source of fixed open-circuit voltage and in- 
ternal resistance, the problem is to determine what value 
of resistance the load must have to permit the maximum 
transfer of power to it. 

Assume that a 40-V open-circuit source of emf with an 
internal resistance of 8 © is connected to a variable load, 
as shown in Fig. 9-9a. And, assume that the load resis- 
tance can be varied in 1-Q steps. By recording the am- 
meter and voltmeter readings at each resistance-step in- 
crease, the product of the two readings will give the power 
delivered to the load. Curves for load voltage V; and load 
current J are plotted in Fig. 9-9b. Note that the product of 
an increasing quantity (V,) and a decreasing quantity (J) is 
shown to have a peak power value P; max at Ry, = r. In 
this example, a definite peak in the power curve will occur 
atR, = r= 8. 

The shape of this curve can be justified by calculating 
the load power at several different load resistance values: 


= 0 (short circuit); P, = PR, = 0 
4Q, 


a 
ne 
I 





2 
V 
p= PR, = (3 —) R, 
L 





Load resistance, R, 


(a) Circuit to determine maximum 
load power 


Condition of maximum 

J power transfer 
Efficiency » and 
terminal voltage Vz 


(6) Graphs of load power, terminal voltage, load 
current, and efficiency against load resistance 
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= 44.4 W 


| 
, i 
I 
+8 
WO) << 
—_ 
eee” 
NO 
aN 
~ 
| 


a7 R, = 8Q; P, = 50 W 
4. R, = 16Q0; P, = 44.4W 
5. Rr, = © (open circuit); P, = PR=0xw=0 


The maximum power transfer theorem states that 
maximum power will be delivered to a load from a 
source when the load resistance equals the internal re- 
sistance of the source. 

This is not meant to imply that the circuit is operating 
at maximum efficiency when R; = r. This is because ef- 
ficiency (1) is defined as: 


P 
1 = % efficiency = = x 100% (9-9) 


T 
Py 
= —— xX 100% 
Py + FP, 
where: P; = load power 
power dissipated in the source 
Pr = total power supplied by the emf 


U 
I 


EXAMPLE 9-7 


For the above circuit in Fig. 9-9a, calculate the load volt- 
age and efficiency at R, = 4, 8, 16, and 100 2. V = 40 
V,r=80. 


Solution 





load voltage V, = V x 


Efficiency, terminal voltage 
and load current 


FIGURE 9-9 
Circuit and graphs for 
maximum power transfer. 





POWER MEASUREMENT-THE WATTMETER 





4Q0 
When RA, = 4Q, Vi = 40V x 4+80 13.3 V, 
Vi 
= — 3-8 
Poe (3-8) 
(13.3 V)? 
= = 442W 
4Q 
Vv? i 
=> = 3-8 
ry Rr Roe+r ee) 
(40 Vv)? 
133.3 W 
4+ 80 
P 
efficiency, 7 = = x 100% (9-9) 
T 
44.2 W 
= ———_ % = 33.2% 
133.3 W x 100% (.) 


Similarly, when 
R, = 8 Q, Vi, = 20 V, 

P, = 50 W, P; = 100 W, y = 50% 
R,. = 16 Q), Vi. = 26.6 V, 


P, = 44.2 W, P; = 66.6 W, n = 66.4% 
R, = 100 0, V, = 37V, 
P, = 13.7 W, P; = 14.8 W, n = 92.6% 





The maximum efficiency, as defined above, occurs at 
loads approaching an open circuit. (See Fig. 9-9b.) This 
is because the power wasted in the internal resistance, in 
the form of heat, is less with a smaller current. 

Efficiency is always 50% at the value of load resistance 
that provides maximum power transfer (that is, when 
R, = r). Under these conditions, the load voltage is one- 


Current terminals 
(in series with load) 






Source 
(ac or dc) 


Potential (voltmeter) terminals 
(across-supply or load) 


(a) Wattmeter connections to measure load power 





(6) Wattmeter with a 25-W range 
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half the open-circuit voltage. The load is said to be 
matched to the source. This is desirable in situations such 
as the connection of a loudspeaker to an amplifier. Assum- 
ing a 40-V audio source with a total internal resistance of 
8 Q, an 8-Q speaker would have a maximum power of 50 
W delivered to it. If either a 4-Q, or a 16-O, speaker were 
used with the same 40-V, 8-(Q source, the power delivered 
would be only 44.4 W. A mismatch between the load and 
the source can have other consequences besides low-power 
transfer. If the load (speaker) has a much lower resistance 
than the source (amplifier), damage can occur in the am- 
plifier due to excessive current. Even if damage does not 
occur, distortion may occur in the amplifier and be heard 
in the speaker. 

Maximum power transfer is a more important consid- 
eration than efficiency in electronic systems, where low- 
power signals are involved. In power systems, however, 
such as high-voltage transmission lines, it is impractical to 
match the load to the source. It is more desirable in power 
sources (such as batteries or a 60-Hz ac supply) to aim for 
maximum efficiency, rather than maximum power transfer. 
This will minimize any high-power loss within the source. 


9-4 POWER MEASUREMENT—THE 
WATTMETER 


A wattmeter can be used to verify the maximum power 
transfer theorem experimentally. The deflection of the 
wattmeter is directly proportional to the product of load 


FIGURE 9-10 
Power measurement. 


Woburn, Mass.] 


[Photograph in (b) courtesy of 
Hickok Teaching Systems, Inc. 
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current and voltage if the circuit is purely resistive. In this 
chapter, only the way in which the wattmeter is connected 
will be covered. The internal operation and construction of 
the wattmeter will be described in Chapter 16. 

The instrument has one pair of current terminals and 
one pair of potential (voltage) terminals. One terminal of 
each pair is usually red or may be marked with a + sign. 
As shown in Fig. 9-10a, the current that flows from source 
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to load passes through the current terminals. The voltmeter 
terminals are usually connected across the load. For proper 
pointer deflection and to avoid possible meter damage, the 
+ voltage terminal must be connected to either point x or 
point y, as identified on the schematic. That is, to make 
the meter read upscale properly, the + terminals must 
have the same instantaneous polarity whether the source is 
ac or dc. 


SUMMARY 


L. 


The internal resistance of a cell arises from its components (electrodes and elec- 
trolyte) and causes a reduction in terminal voltage from the open-circuit voltage 
when a load is connected. 


2. The internal resistance of a cell may be determined by noting the change in ter- 
minal voltage when a known current is drawn from the cell. 

3. The voltage regulation of a source is an indication of the change in terminal volt- 
age under load. An ideal source would have a voltage regulation of 0%. 

4. If the terminal voltage is reduced to one-half of the open-circuit voltage when a 
load is connected, the load resistance is equal to the internal resistance. Source 
and load are said to be matched. 

5. Connecting cells in series increases terminal voltage and internal resistance, but 
not current capability. A parallel connection increases current capability and re- 
duces internal resistance, but does not increase terminal voltage. 

6. The total ampere-hour (Ah) capacity of series-connected similar capacity cells is 
the same as each cell’s individual capacity. 

7. The total ampere-hour capacity of parallel-connected cells is the sum of the indi- 
vidual cell capacities. 

8. Fora series-parallel combination, the total ampere-hours depends upon the partic- 
ular connection. 

9. The total energy of a given number of interconnected cells is independent of the 
type of connection. 

10. Maximum power transfer from source to load occurs when the load resistance and 
internal resistance of the source are equal. At this point, terminal voltage is one- 
half the open-circuit voltage, and the efficiency of the circuit is 50%. 

11. A wattmeter essentially multiplies the current and voltage supplied to a load to 
indicate, on a direct-reading scale, the power being delivered to the load. The 
instrument can measure both ac and dc power. 

SELF-EXAMINATION 


Answer true or false or a, b, c, or d 
(Answers at back of book) 


9-1. 
9-2. 


Internal resistance is inevitable in all sources of emf. 
If a current of 20 mA is drawn from a source of open circuit voltage, 24 V, and 
internal resistance, 200 ©, the terminal voltage is 





SELF-EXAMINATION 


9-3. 


9-4, 


9-5. 


9-6. 


9-7. 


9-12. 


9-13. 


9-14. 


a. 22V 
b. 24 V 
c. 20V 
d. 18 V 


If the connection of a load to a voltage source reduces the terminal voltage to 
one-half of the open-circuit voltage, the load resistance is one-half of the internal 
resistance. 

If the terminal voltage of a source drops from an open-circuit voltage of 30 V 
to a value of 20 V when a 60-2 load is connected, the source’s internal resis- 


tance is 

a. 200 

b. 300 

c. 400 

d. 600 

The voltage regulation of the source in Question 9-4 is 
a. 33.3% 

b. 66.6% 

c. 50% 

d. 10% 


A power supply that has a 100% voltage regulation has an effective internal 
resistance of 0 ©. 

The terminal voltage of a dc generator required to charge a 24-V battery (whose 
internal resistance is 0.05 () with a current of 50 A is 


a. 21.5 V 
b. 24 V 

6 255 V 
d. 26.5 V 


The total voltage of a battery that consists solely of interconnected series cells 
is the sum of the emfs of all the cells. 

The object of connecting cells in parallel is to produce a battery with increased 
current capability and decreased internal resistance. 

The ampere-hour capacity of a number of interconnected cells is a constant 
regardless of the method of cell interconnection. 

Four 13-V cells are connected in parallel with each other. This combination is 
then connected in series with three 2-V cells also connected in series with each 
other. If each cell has an internal resistance of 1 0, the combined voltage and 
internal resistance is 

a 8V,7Q0 

b. 14V,70 

c. 33 V, 3.250 

d. 7EV,3.25 0 

When a load is matched to a source, the load resistance equals the internal 
resistance of the source. 

Maximum power transfer occurs in a circuit when the circuit efficiency is 100%. 


The efficiency for the conditions given in Question 9-4 is 
a. 33.3% 

b. 66.6% 
c. 50% 

d. 10% 
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9-15. The graph of load power versus load resistance is symmetrical on either side of 
the maximum power transfer condition. 

9-16. A wattmeter in a circuit will read a maximum value if the load resistance is 
adjusted to one-half the value of the source’s internal resistance. 


REVIEW QUESTIONS 


. 


What makes up the internal resistance of a battery? 
2. a. Why do the headlights of a car dim momentarily when the engine is being 
started? 
b. What visible indication might there be in such a situation when the battery’s 
warranty period has just expired? 

3. Is it possible to ‘‘jump’’ a car with a positive ground system using another car 
with a negative ground? Explain, using a diagram. 

4. Describe how you can determine the internal resistance of a supply having: 

a. A high internal resistance. 
b. A very low internal resistance. 
5. a. A power supply is known to have a 100% voltage regulation. Is this good? 
Explain. 
b. An electronic voltage regulator effectively maintains a constant output voltage 
(in a given power supply), independent of the load current. What can you say 
about the supply’s internal resistance and voltage regulation? 

6. What is the result of connecting cells in the following ways, as far as voltage, 

current, internal resistance, Ah capacity, and total energy are concerned? 
a. Series 
b. Parallel 
c. Series-parallel 

7. What is the relation between the power transfer, efficiency, load voltage, internal 
resistance, and load resistance when a source and load are ‘‘matched’’? 

8. Explain how it is possible for there to be two different load resistances that cause 
only one-half of the maximum power to be delivered from a source of given 
internal resistance. 

9. When is maximum power transfer most desirable and when is maximum efficiency 
most desirable? Why? 

10. Describe the proper method for connecting a wattmeter in a circuit. 


PROBLEMS 


(Answers to odd-numbered problems at back of book) 
9-1. A 100-V power supply has an internal resistance of 2.5 kQ. A 7.5-kQ. load is 
connected across the power supply terminals. Calculate: 
The current through the load. 
The internal voltage drop in the power supply. 
The terminal voltage of the supply under load. 
The power dissipated in the power supply when a 5-kQ, load is connected. 
The current that flows when the power supply terminals are short-circuited. 
9-2. Repeat Problem 9-1 using a 5-kQ) internal resistance. 


eo Aoo8 
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9-3. 


9-4. 


9-5. 


9-12. 


9-13. 


9-14, 


9-15. 


A 1.5-V cell’s terminal voltage drops to 1.25 V when a load is connected that 
draws a full-load current of 1 A. 

a. What is the cell’s internal resistance? 

b. What is the load resistance? 

c. What load resistance would drop the terminal voltage to 1 V? 

A cell has a no-load voltage of 1.2 V. The terminal voltage becomes | V when 
a 2-Q load is connected. What is the cell’s internal resistance? 

A cell has a terminal voltage of 2.2 V with a load of 10 Q. This drops to 2 V 
when the load is changed to 2 (). 

a. Calculate the cell’s open-circuit voltage. 

b. Calculate the cell’s internal resistance. 

A battery has a terminal voltage of 13.6 V when delivering 10 A to a load. 
When the battery is being charged with 20 A, its terminal voltage is 14.1 V. 

a. What is the battery’s open-circuit voltage? 

b. What is the battery’s internal resistance? 

Determine the percent voltage regulation of the cell in Problem 9-3. 

Determine the percent voltage regulation of the cell in Problem 9-4. 

A battery has a no-load voltage of 13.2 V. If the battery is known to have a 
voltage regulation of 15%, what is its full-load voltage? 

A power supply has a full-load voltage of 22 V and a voltage regulation of 30%. 
What is its open-circuit voltage? 

Two 6-V cells and one 12-V cell are connected in series. Each of the 6-V cells 
has an internal resistance of 0.05 ©, and the 12-V cell has a resistance of 0.1 
Q. How much charging current will flow from a 30-V charger with a 0.3-0 
resistance when connected to the three series-connected cells? 

A 14.1-V charger with an internal resistance of 0.05 © is connected across a 
12.6-V battery with an internal resistance of 0.1 ©. 

a. Determine the charging current. 

b. Determine the terminal voltage. 

A second battery, identical to the first, is connected in parallel with the battery 
and charger. 

c. Determine the total current from the charger. 

d. Determine the current into each battery. 

e. Determine the terminal voltage. 

Four 50-Ah, 6-V cells, each with an internal resistance of 0.01 © and a current 
capability of 10 A are to be interconnected. Determine the terminal voltage, 
current capability, and internal resistance of the following arrangements: 

a. All connected in series. 

b. All connected in parallel. 

c. Two series connections of two each in parallel. 

For each of the arrangements in Problem 9-13, find: 

a. The Ah capacity. 

b. The total energy. 

Two batteries are connected in parallel with each other. The first has an emf of 
12.2 V and an internal resistance of 0.06 0; the second, an emf of 13 V anda 
resistance of 0.04 ©. 

a. What is the terminal voltage of the combination? 

b. What is the internal resistance of the combination? 

If the batteries were mistakenly connected with positive-to-negative polarity cal- 
culate: 
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c. The terminal voltage. 
d. The current flowing. 
e. The power dissipated in each battery in the form of heat. 

9-16. A wattmeter is connected between an ac supply and a variable resistive load. 
The load is adjusted until at a resistance of 10 © the wattmeter indicates a 
maximum reading of 40 W. Determine: 

The voltage across the load. 

The internal resistance of the supply. 

The open-circuit voltage of the supply. 

The voltage regulation of the supply. 

The efficiency at which the circuit is operating. 

The load resistance to operate at an efficiency of 60%. 

What should be the resistance of an automotive starter motor if it is to be 

matched to a 12-V battery with an internal resistance of 0.02 0? 

What is the initial current that will flow for matched conditions? 

How much power is delivered to the motor? 

If the motor is 70% efficient, how much horsepower does the motor de- 

velop? 

How much power is dissipated in heat in the battery? 

What is the terminal voltage of the battery? 

What is the efficiency of the circuit? 

A power supply is known to have a 50% voltage regulation. If its no-load 

voltage is 15 V, what will be its full-load voltage? 

b. If the current drawn from the above power supply at full load is 0.5 A, 
what is the internal resistance of the power supply? 

c. If the above power supply is connected to a load of 50 (, how much power 
will a wattmeter indicate when connected in series with the load? 

d. What value of load resistance will provide a maximum indication of the 
wattmeter in part (c) and what will this reading be? 

e. What will be the load voltage in part (d) ignoring all wattmeter losses? 

9-19. An audio power amplifier has an open-circuit voltage of 20 V and an internal 
resistance of 8 (. 

a. What two values of load resistance will give one-half of the maximum 
power possible? 
. What will be the circuit efficiency at these two values? 
c. Which of the two loads would be preferable? 


pmonoges 


9-17. 


aos 


pga mo 


9-18. 
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All the circuits you have considered thus far have been series, 
parallel, or series-parallel. But there are many circuits, especially 
those involving more than one source of emf, where components 
do not have these simple relationships. Such circuits are called 
networks, and analyzing them requires the use of different 
techniques. Some of the more useful methods of analysis, 
allowing you to solve both ac and dc networks, will be covered in 
this chapter. 

Two of these, the branch current method and the loop current 
method, have similarities. They use a combination of Kirchhoff's 
and Ohm’s laws, and involve the simultaneous solution of two or 
more equations to solve for the unknown currents. 

The superposition theorem may be used to advantage in 
analyzing circuits that contain more than one source of emf. This 
theorem considers the currents resulting from each emf applied 
separately, and superimposes those currents to find the overall 
values when all emfs are in the circuit. It permits a solution using 
simple series-parallel combinations. 

The fourth method is Thévenin’s theorem. \t permits the. 
replacement of any complex circuit of emfs and linear resistors by 
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an equivalent circuit consisting of an emf in series with a single 


resistance. 


Similarly, Norton’s theorem provides an equivalent circuit 
consisting of a constant current source in paralle/ with a single 
resistance. Both Norton’s and Thévenin’s equivalent circuits are 
useful in dealing with transistors and other active electronic 


devices. 


Nodal analysis uses only Kirchhoff’s current law, in which total 
current entering a node (or junction) is equated to total current 


leaving that node. 


The final method considered in this chapter is the delta-wye 
conversion. Sometimes referred to as a 7-T conversion, this 
method is used to change a complex network into a series-parallel 


combination. 


10-1 BRANCH CURRENT METHOD 


In this method, each branch current is assigned a designa- 
tion and Kirchhoff’s voltage law is applied to each com- 
plete circuit or loop. 


Kirchhoff’s voltage law can be restated as: 
Around any complete circuit (loop), the sum of the 


voltage rises equals the sum of the voltage drops. 


Rules for Branch Current Procedure 


1. 


2. 


Draw a circuit diagram large enough to show all 
information clearly. 

Determine the number of ““windows’’ (openings) in 
the circuit. This determines how many different 
branch currents /,, J5, Jz, and so on should be 
shown. Indicate these on the diagram, using any 
arbitrary direction. 

Use Kirchhoff’s current law to identify the remaining 
currents in the circuit in terms of I,, I,, and so on. 
Using the assumed directions of current /,, /5, and so 
on, show the corresponding polarity signs of the 
voltage drops across each component. 


On the diagram, draw as many loops as there are 

windows. The direction of each loop, shown by an 

arrow, is completely arbitrary. 

Trace (move) around each loop. Write a Kirchhoff 

voltage equation with voltage rises on one side and 

voltage drops on the other. 

a. A voltage rise occurs as you move through a 
component from — to + in the direction of the 
loop. 


‘b. A voltage drop occurs as you move through a 


component from + to — in the direction of the 
loop. 
If not done in Step 6, insert in the equation the emf 
values and the values of R,, Rj, and so on. 
Collect like terms and solve for the unknown 
currents. There must be as many equations as there 
are unknown currents. 
Find the current in each component, using the current 
designations from Steps 2 and 3. Interpret any 
negative currents as having an actual direction 
opposite to the assumed direction. 


The branch current method is used in Example 10-1. 
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EXAMPLE 10-1 


A battery of open-circuit voltage Vg and internal resis- 
tance Rg is connected in parallel with a generator of 
open-circuit voltage Ve and internal resistance Re. This 
combination feeds a load resistance A,. For the following 
values find the battery current, generator current, load 
current, and load voltage: Vg = 13.2 V, Ve = 14.5 V, 
Re = 0.50, Re = 0.1 0, and R, = 20. 


Solution 


1. Draw a circuit diagram. See Fig. 10-1a. 

2. It can be seen from Fig. 10-1a that there are two 
“windows” in the circuit. This means that we must 
show two currents, in two branches, in any arbitrary 
direction. (We shall show currents /s and /, in the 
direction we think the current might flow.) See Fig. 
10-10. 

3. Using Kirchhoff's current law, we can identify the 
current through the load resistor as 


I, = Ip = Io (6-1) 
Indicate this current in Fig. 10-1). 


4. Show the polarity signs of the voltage drops across 
each resistor using the assumed directions of cur- 
rent. See Fig. 10-1b. 

5. Indicate, in each window, a loop that goes around a 
complete circuit. The direction is arbitrary, but it is 
often convenient to use a direction that goes from — 
to + through an emf. See loops 1 and 2 in Fig. 10- 
1b. (Note that a third loop could be drawn around the 
outside of the circuit that includes Vs, Rs, Re, and 
Vg. Any two of these three loops could be used to 
provide two independent equations.) 

6. Trace around each loop, writing a Kirchhoff’s voltage 
law equation with the voltage rises on one side and 
the voltage drops on the other. 
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For loop 1: 


Ve = IpRe + (Ig + Ie)Ri (1) 
For loop 2: 
Ve = IeRe + (le + Ia)Ri (2) 
7. Insert in Eqs. 1 and 2 the numerical values. 


13.2 = 0.5lg + 2(Ip + Ic) (3) 


8. Collect together like terms and solve for /g and /g:* 


13.2 = 2.5], + 2.0Ig (5) 
14.5 = 2.0, + 2.1lg 


@ 


Multiply Eq. 5 by four and Eq. 6 by five: 


72.5 = 10/g + 10.5/g (8) 


Subtract Eq. 7 from Eq. 8 





19.7 = 2.5l¢ 
19.7 
Therefore, lg = = = 7.88 A 
2.5 
Substitute /g = 7.88 A in Eq. 6. 
2lg = 14.5 — 2.1lg 
= 145 — 2.1 x 7.88 = —2.048 
— 2.048 
Therefore, /5 = 5 = —1.02A 


9. The negative sign with /, indicates that the actual 
direction of current is opposite to the assumed direc- 
tion. Thus a current of 1.02 A enters the positive ter- 
minal of Vg and acts to recharge the battery. The 
load current is given by 


*Linear equations in two or more unknowns may also be solved using 


the method of determinants. See Appendix D. 





FIGURE 10-1 


(a) Original circuit (6) Circuit with current designations, ; ; 
voltage drops, and loops Circuits for Example 10-1. 


LOOP OR MESH CURRENT METHOD 


IL =Iq t+ Ie (6-1) 
= 7.88 — 1.02 = 6.86A 

and the load voltage is 
Vi, = LRy (3-1 b) 


This is a value somewhere between the two values 
of the voltage sources. 





To illustrate how the directions of assigned branch cur- 
rents and loops can be completely arbitrary, Example 10- 
2 considers a circuit with two emfs and three loops. 





EXAMPLE 10-2 


Given the circuit in Fig. 10-2 use the method of branch 
currents to find the current in each resistor: V; = 10 V, 
Vo = 15 V, R,; = 1 kO, Ro = 2 kO, Rg = 3 kO, Ry = 
4 kQ, and Rs = 5 kQ. 


Solution 


Since there are three windows, assign currents /,, /2, and 
Iz, and show Ip, and Ip, in terms of these, as shown in 
Fig. 10-2. Indicate the voltage drop polarity signs across 
the resistors and three tracing loops, with directions ar- 
bitrarily selected. We now write three equations based on 
Kirchhoff’s voltage law. 


Loop 1: V; = IR; — (I, + I5)Re 
Loop 2: (I, = I3)R4 = I5R3 7 (/, =- I5)Ro 
Loop 3: 0 = V; i I5Rs = (I, —_ I5)R4 


Substituting values and collecting terms: 


—~15 = Ol, + 9 — ls (3) 
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Multiply Eq. 1 by two and add to Eq. 3 to obtain: 
5 =6/, + Ql. (4) 


Multiply Eq. 1 by 9, multiply Eq. 2 by —2 and add to 
obtain | 


Multiply Eq. 4 by 8, multiply Eq. 5 by —9 and add to 
obtain 7 


770 = 159); 
770 
159 


NOTE Since resistance values are in kQ and emfs in volts, the 
current has units of mA. 
By substitution, we obtain 


= 4.84 mA (in direction assumed) 


Therefore, /, 


|, = —2.67 mA (opposite to the direction assumed) 


lz; = —2.26 mA (opposite to the direction assumed) 
Ir, = I, i ls 


= 4.84 + (—2.26) mA 
= 2.58 mA (in the direction assumed) 
Ir, =I, — [3 
= —2.67 — (—2.26) mA 
= —(.41 mA (opposite to the direction assumed) 





10-2 LOOP OR MESH CURRENT 
METHOD 


At first glance, it may seem that the loop current method 
is very similar to the branch current method. In this 
method, however, a current is indicated for each loop, 
rather than each branch. Only Kirchhoff’s voltage law is 
applied to each loop. 


Rules for Loop Procedure 


1. Draw a circuit diagram large enough to show all 
information clearly. 


FIGURE 10-2 
Circuit for Example 10-2. 
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2. In each window, indicate a loop current (J, J>, and 
so on) flowing in an arbitrary direction. (A loop 
current may also be shown that encompasses two or 
more windows.) There must be as many independent 
loop currents as there are windows. 

3. In each loop, indicate the polarity signs of voltage 
drops across the resistors for the assumed direction of 
loop current. If a resistor has more than one loop 
current through it, there will be two sets of voltage 
drops (one in each loop). They may have the same or 
opposing polarity signs. (See Rs in Fig. 10-30.) 

4. Apply Kirchhoff’s voltage law to each loop. Follow 
the assumed direction of the loop current, equating 
voltage rises to voltage drops. 

a. Ifa resistor has opposing current loops through 
it, the net voltage drop is the product of the 
resistance and the difference of the two currents. 
The larger of the two currents is assumed to be 
that of the loop you are tracing. 

b. If a resistor has current loops through it in the 
same direction, the total voltage drop is the 
product of the resistance and the sum of the two 
loop currents. 

c. Ifa loop has no emfs in it, the voltage-rise side 
of the equation is zero. 

5. Insert in the equations the numerical values for all 
the components and sources of emf. 

6. Collect like terms and solve for the loop currents. 
There must be as many equations as there are loop 
currents. 

7. If a resistor has more than one loop current through 
it, find the algebraic sum of the loops. Use the signs 
(+ and —) as found in Step 6 and the assumed 
directions as assigned in Step 2. Interpret any 
negative currents as having an actual direction 
opposite to the assumed direction. 


—_——— 
EXAMPLE 10-3 


Given resistors R;, Ro, Rs, Rs, and Rs connected with 
voltage sources V,, Vz, and V3 (as shown in Fig. 10-3a), 
determine the current, and its direction, through Vs. 


Solution 


Indicate the two loop currents (/,, /5) as shown in Fig. 10- 
36. Then show the polarity signs of the resistor voltage 
drops for each loop current. Write a Kirchhoff’s voltage 
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law equation for each loop, with voltage rises on one side 
and voltage drops on the other. 


Loop 1: V; + Vo == IR, + (I; — l>)R5 - I,R. 
Loop 2: 0= V5 + (lo = I,) Rs TF lbRs + V3 “+ IR, 


NOTE There are no voltage rises in Loop 2, so the left side of 
the equation is zero. 


Substituting values: 


or 35 = 30/, — 5, (1) 
O = 20 + 5(lr — I) + 8lp + 10 + 121 


Solving simultaneously, we obtain 
I, = | A, I, = -1A 
Current through V, is given by 


h.= b= 1Ak- Hi 
1A + 1A = 2A “downward” 


EXAMPLE 10-4 


Given the Wheatstone bridge circuit in Fig. 10-4a, use 
the loop current method to calculate: 


R, 100 


R380 


Vi 
15 V_ 





fi215 0 R412 0 


(a) Original circuit 


R110 





R2 150 


R4 120 


(6) Circuit with current loops and voltage drops 
FIGURE 10-3 
Circuits for Example 10-3. 


THE SUPERPOSITION THEOREM 





(a) Original circuit 


a. The current in each resistor. 

b. The total resistance of the circuit between a and b 
given V = 12 V, Ry = 1kQ, Re = 2 kO, R3z = 3 kQ, 
R, = 4kQ, and Rs = 5 kQ. 


Solution 


a. Indicate the three loop currents /,, /2, and /3. Show 
the voltage drops across the resistors in each loop. 
See Fig. 10-46. Write a Kirchhoff’s voltage law equa- 
tion for each loop: 


Loop 1: V= (/, = I5)R, + (I, a I3)R3 
Loop 2: O= (I, r I3)R5 - (I, _ 1,)R, + lnRo 
Loop 3: 0 = (Io + I3)Rs - (I, = I3)R3 + IsR,4 
Substituting values and collecting terms, we obtain: 
12 = 41, — 1lo + 3lg 
0 —1/, + 8lo + 5lg 
0 = 3/, + 5lo + 12/, 


By simultaneous solution we obtain 
|, = 5.03 mA, I, = 1.92 mA, lz = —2.07 mA 
Thus 


In, = 1, — Ip = 5.03 — 1.92 mA = 3.11 mA 
In, = Ip = 1.92 mA 
Ing = hy + Ig = 5.03 + (—2.07)mMA = 2.96 mA 
In, = !3 = —2.07 mA 
(opposite to the direction shown) 
Ing = Ie + Ig = 1.92 + (—2.07) mA = —0.15 mA 
(opposite to the direction assumed) 


b. The total current from the supply = /, = 5.03 mA. 
resistance between a and b 


V 12 V 


= — = —— = 2.99 kO 
I, 5.03 mA 


(6) Circuit with current loops and 
voltage drops 
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FIGURE 10-4 
Circuits for Example 10-4. 


NOTE It is impossible to solve for the total resistance between 
a and b using simple series-parallel methods, since there are 
no resistors either in series or in parallel with each other. 





10-3 THE SUPERPOSITION THEOREM 


As you learned in the preceding sections, circuits that con- 
tain more than one source of emf will often cause the re- 
sistive components to not have a simple series-parallel re- 
lation. In such cases, one method is to write an equation 
for each loop and solve simultaneously for each current. 

The principle of the superposition theorem states that, 
for any given component, the currents that result from one 
voltage source at a time can be superimposed. Since the 
removal of all but one voltage source usually results in a 
series-parallel combination, you can solve for the required 
current or voltage using the methods you learned in Chap- 
ters 5, 6, and 7. An algebraic addition of each compo- 
nent’s voltage or current will then yield the total when all 
voltage sources are in the circuit. 

The superposition theorem may be stated as follows: 
The total component voltage or current in a multi-emf 
circuit is the algebraic sum of the individual voltages 
and currents resulting from each voltage source applied 
one at a time, with all other voltage sources removed 
and replaced by their respective internal resistances. 

Note that only if a voltage source has zero internal re- 
sistance can it be removed by simply shorting it out. This 
is shown in Example 10-5. 


EXAMPLE 10-5 


A battery of open-circuit voltage 13.2 V and internal re- 
sistance 0.5 © is connected in parallel with a generator 
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of open-circuit voltage 14.5 V and internal resistance 0.1 
©. This combination feeds a load having a resistance of 
2 (. See Fig. 10-5a. Using the superposition theorem, 
calculate: 

a. Battery current. 

b. Generator current. 

c. Load current. 

d. Load voltage. 


Solution 


a. With V,. reduced to zero as in Fig. 10-56, the total 
circuit resistance is, by series-parallel techniques: 


R, X Re 
20 x 0.10 
050+ 2047010 = 0.595 
V 
Ir = Ip, = = (3-1a) 
T 
13.2 V 


~ 0.595 0 


Rr = Re t+ 


= 22.2 A 





The component of load current due to Vs alone is 


(6-12) 


VG Ve aa 
14.5V 13.2V>— 








(c) Circuit with V, reduced to zero 








(dq) Actual circuit currents 
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0.1 0 
= 22.2 A X 010+20 = 1.057A 
R 
and Io, = /; Xx Alt Re (6-13) 
20 
= 22. x — —— = 21. A 
22.2 A 204010 1.143 


Similarly, for Vg reduced to zero as in Fig. 10-5c, 





Rr = Rg + Be 
= 0.10 +50 ~ 72" = 050 

lr = Ig, = a (3-1a) 
- Gea ~ 2A 

lin = tp X aa (6-12) 
= 29A x a = 5.8A 

In, = 29A — 5.8A = 23.2A 


The total battery current is the algebraic sum of /g, 
and Ip, 


Ig = 22.2A% +232Al=1A] 


if FIGURE 10-5 
Circuits for Example 10-5. 


THEVENIN’S THEOREM 


This means, because /p, is greater than /g,, the ac- 
tual current through the battery is in the same direc- 
tion as /g, in Fig. 10-5c. The battery is being re- 
charged because current is flowing into the positive 
terminal. 

b. The total generator current is 


Io a Ia, + le, (6-1) 
= 21.143A ) +29A ¢ = 7.86A 7 
c. The total load current is 
I = IL, + IL, (6-1) 
= 1057A)+58A | =686A | 


Note that because /, , and /,,, are in the same direc- 
tion, the actual current is the sum of the two. 

d. The total load voltage may be found by superimpos- 
ing the load voltage components due to each voltage 


source: 
Vin = hey ® Ri (3-1b) 
= 1.057A x 20 = 2114V 
Vig = hy ® Pi (3-1b) 
=58Ax20=116V 
Vi=VM,+V, (5-1) 


= 2.114V 4+ 11.6V = 13.7 V 


Actual circuit currents are shown in Fig. 10-5d. 





Compare the solution of Example 10-5, and the work 
needed to reach it, with Example 10-1, which used the 
method of branch currents. It is doubtful that the super- 
position method reduces the amount of work needed to 
reach a solution, although it does allow use of basic series- 
parallel theory. This is especially true for more complex 
circuits, such as the one shown in Fig. 10-2. 

Finally, note that the superposition theorem works only 
for circuits consisting of linear and bilateral components. 
A linear component is one in which there is a directly pro- 
portional relationship between voltage and current. To be 
bilateral, the characteristics of a device must not depend 
upon polarity—current must be able to flow through it 
equally well in either direction. For example, a diode in- 
serted in the battery lead would prevent use of the super- 
position theorem, since the diode is neither linear nor bi- 
lateral. Also, the total power dissipated in the load resistor 
(Fig. 10-5a) is not the sum of the two powers dissipated 
in the load resistor (Figs. 10-5b and 10-5c), because 
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power is not related in a linear manner to voltage and cur- 
rent. 


10-4 THEVENIN’S THEOREM 


This is a very powerful method of converting a complex 

circuit containing emfs and linear components into a sim- 

ple equivalent circuit of one emf and one resistance. It is 
especially valuable when repeated calculations are to be 
made for different values of a single component. This 
method allows the rest of the circuit to which that com- 
ponent is connected to be represented by an unchanging 
equivalent circuit. 

Thévenin’s theorem can be stated as follows: 

Any linear two-terminal network consisting of fixed 

resistances and sources of emf can be replaced by a 

single source of emf (V7) in series with a single re- 

sistance (Ry), whose values are given by the follow- 

ing: 

1. Vy, is the open-circuit voltage at the two specified 
terminals in the original circuit. 

2. Rvp is the resistance looking back into the original 
network from the two specified terminals, with all 
sources of emf shorted out and replaced by their 
internal resistances. 


Experimentally, the Thévenin voltage (Vj) of the cir- 
cuit shown in Fig. 10-6a could be measured by connecting 
a high-resistance voltmeter between terminals A and B. To 
measure the equivalent resistance with an ohmmeter be- 
tween A and B, it would be necessary to remove any emf 
by shorting the voltage source (V). 

The Thévenin equivalent circuit shown in Fig. 10-6) 
will then behave, as far as any load between terminals A 
and B is concerned, in the same manner as the original 
circuit (Fig. 10-6a). The values of Vy, and Rr, may also 
be found by calculation. For example, in Fig. 10-6a, let V 
= 20 V, and R,; = Ro = R3 = 40 kQ). The open-circuit 
voltage between A and B is the same as Va,. (R, has no 
effect since there is no voltage drop across it with an open 
circuit between A and B.) Thus: 


_— V xXx ks 
: R, + R;3 

40 kQ 
40 + 40 kQ 


Vin = Vr 


20 V X 


40 
20 V x — = 10V 
80 





(a) Initial, linear, two-terminal circuit 


To obtain Ry, between A and B, consider V is shorted. 


Rr = RiIIR3 + Ro 
40 kQ 





+ 40kQO = 60kQ 


The Thévenin equivalent circuit of a 10-V source in series 
with a 60-kQ) resistance will take the place of the original 
circuit as far as any load connected between terminals A 
and B is concerned. 

Further examples to calculate Vz, and Ry, follow. 


EXAMPLE 10-6 


Use Thévenin’s theorem to find the current through the 
load resistor R, in Fig. 10-7 for the following values of 
Ri: 

a 10 

b. 20 

c $Q 


Solution 


1. Draw the circuit with the load resistor R, removed. 
Identify the load terminals as A and B. See Fig. 10-8. 





FIGURE 10-7 
Circuit for Example 10-6. 
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i | FIGURE 10-6 
nana = Circuits for 

(6) Thévenin equivalent circuit Thevenin’s theorem. 


2. We now have a simple series circuit with a current 
given by 
_ Va — Ve 
~ Ret Re 
144-—-132V 1.2V 
05+0190 060 — 


/ 


3. The open-circuit voltage between A and B may be 
found by two methods: 
Vag = IRp (3-1 b) 
=2AX050=1V 
Therefore, Vr, = Vs + Vag = Vas (5-1) 
= 132+1=142V 
or Vag = Re (3-1b) 
=2AX010=02V 
SO that Vin = Vo _ Vig — Vas (5-1) 
= 144-02=142V 
Thus 14.2 V is the open-circuit voltage between A 
and B (with the load removed) and is the Thévenin 
equivalent circuit voltage. 
4. To find the Thévenin resistance, draw the circuit, 


with the load resistor R, still removed and then short- 
out (take out) the emfs Vg and Vg. See Fig. 10-9. 





FIGURE 10-8 
Open-circuit voltage determination for Example 10-6. 
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G 
0.10 





FIGURE 10-9 
Resistance determination for Example 10-6. 


5. Find the resistance between terminals A and B as 
seen by an ohmmeter connected to these terminals. 
(Since the voltage sources have been shorted, it 
would be safe to connect an ohmmeter to A — B.) 
Note that Rg and Ag are now in parallel with each 
other as far as an ohmmeter connected to terminals 
A and B is concerned. The resistance seen by the 
ohmmeter is 


(6-10) 


 05+01 £06 


6. The Thévenin equivalent circuit can now be drawn, 
as shown in Fig. 10-10. 

7. The load resistor can now be reconnected to termi- 
nals A and B. It will behave exactly the same as 
when it was connected to the original circuit in Fig. 


10-7. 
8. The load currents for the various loads can now be 
obtained: 
V Von 
/=— = — 1_ 3-1 
Ry Rn + Ay eta) 
14.2 V 
a. ForA, = 10,/= Tce ee 13.1A 





B 


FIGURE 10-10 
Thévenin equivalent circuit for Example 10-6. 
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14.2 V 

b. For A, = 20,1 = ag = OBA 
14.2 V 

Cc. For, = 80,1= oe ag = ABA 


NOTE If the branch or loop current methods were used, new 
equations would have to be written and solved for each value 
of load resistance. Since the Thévenin equivalent circuit is found 
with the variable (load) component removed, the same Thév- 
enin equivalent circuit can be used with each different load. 


A second example of Thévenin’s theorem involves find- 
ing the current in R3 in Fig. 10-11. The problem is similar 
to the one solved in Example 10-2. 


EXAMPLE 10-7. 


Given the circuit of Fig. 10-11, find the current in R3 us- 
ing Thévenin’s theorem. 


Solution 


1. To find the Thévenin voltage, remove Az, label the 
terminals A and B, and solve for the open-circuit 
voltage, Vr,. See Fig. 10-12. 

Vas = Vrn is the difference between Vz, and Vz,. By 
the voltage divider equation: 


i 
R, + Re 
2k 

1k + 2kO 


Vp = V; 


2 


(5-5) 


10 V x 


10 V x = 667V 


a 
R, + Rs 
4kQ 

4kQ + 5kO 


Va, = Ve 


4 


= 20V X 





FIGURE 10-11 
Circuit for Example 10-7. 
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FIGURE 10-12 
Open-circuit voltage determination for Example 10-7. 


= 20V x == 8.89V 


Therefore, Vas = Vr, — Vr, 


= 6.67 — 8.89 V = -—2.22V 


This means that the Thévenin equivalent voltage is 


2.22 V with B positive with respect to A. 


2. To find the Thévenin resistance, reduce the voltages 
in Fig. 10-12 to zero and determine the resistance 
between A and B looking back into the circuit. See 


Fig. 10-13. 


resistance Ras = Rm = Ril\|Ro + RgIIRs 


Therefore, Rr, = 


_1kO x 2kO 
~ 1kO + 2kO 
2 20 


= =k + =ko 
3 9 


R,Re RRs 
R, 7 Ro R, - Rs 


4kQ xX 5kO 


4kQO + 5kO 


= 0.67 kQ + 2.22 kO = 2.89 kQ 


3. The Thévenin equivalent circuit between terminals A 


and B with resistor R3 replaced is now given by Fig. 
10-14. Note how B is positive with respect to A. 


4. The current in R3 can now be determined: 


Ms oh 
Rr Rmt Rs 
2.22 V 


lz = 


= —————— = 0.38 mA 


(2.89 + 3) kO 


FIGURE 10-13 
Resistance determination for Example 


10-7. 


(3-1a) 
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flowing from B to A or right to left in the original cir- 
cuit. 


NOTE There is no such thing as the Thévenin equivalent for 
the overall circuit of Fig. 10-11. It depends upon which resistor 
or portion of the circuit is to be removed that determines the 
nature of the equivalent circuit for what remains. Thus different 
equivalent circuits would result for R2, on the one hand, or R, 
on the other. 





In some complex circuits, the determination of the 
open-circuit Thévenin voltage may involve the use of 
branch or loop current methods. That is, the removal of a 
given component to determine a Thévenin equivalent does 
not guarantee that the remaining circuit will be a simple 
series-parallel type. For example, determining the Thév- 
enin equivalent for resistor R, in the circuit shown in Fig. 
10-11 requires the use of superposition, branch currents, 
or the loop current method. (See Example 10-8.) 


EXAMPLE 10-8A 


Given the circuit in Fig. 10-15a, find the current in Ra, 
using a Thévenin equivalent circuit. 


Solution 


Remove AR, and calculate the open-circuit voltage be- 
tween terminals A and B, as shown in Fig. 10-156. Since 
the resistors do not have a simple series-parallel rela- 
tionship, let us use the loop current method for analysis. 
Select loop currents /, and /2 as shown, and write Kirch- 
hoff’s voltage law equations. 

Loop 1: V; = 1,R; + (4 + Is) Re 

Loop 2: Vs = IbRs + loRg + (I, + Io) Ro 


Substituting values and collecting terms: 


10 = 3/, + 2l, 


Rh 


B 





FIGURE 10-14 
Thevenin equivalent for Example 10-7. 
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(c) Resistance determination 


Solving for /2 we obtain (since resistance is in kilohms), 


oi 
| 


= 1.54mA 
= Rs 


= 1.54x10°Ax5x 10°90 =7.7V 
Vth = Vas = V2 - Ve 


= 20 —- 7.7V = 12.3 V 


> 
| 


NOTE It is not necessary to solve for /;. 


To solve for Ry,, consider the circuit in Fig. 10-15c. The 
load R, is still removed, and both voltage sources are 
shorted. The resistance between A and B may be written 
as follows: 
Rtn = Ras = [(RillR2) + AsillRs 
[(1]]2) + 3]|[5 kO 
1% 2 
1+ 2 
= (§ + 3)[5 kO 
* 5 





+ 3 i kQ, 





1 
- = kO = 2.12 kO 


2 
3 





The final Thévenin equivalent circuit is shown in Fig. 10- 
15d. The current through R, is now given by: 


fe _ Vn 
4 Rm + Rg 
—  12.3V 

— 212 + 4kO 


(d) Thévenin equivalent 


B FIGURE 10-15 
Circuits for Example 10-8. 


12.3 V 
= 612 kO an 2.01 mA 


and is flowing downward in the original circuit. 





Example 10-8 can also be solved by the repeated use of 
Thévenin’s theorem. This avoids using loop currents (or 
one of the other methods) to find the final Thévenin volt- 
age directly. See Example 10-8B. 





EXAMPLE 10-8B 


Given the circuit in Fig. 10-16a, find the current in Rg, 
using a Thévenin equivalent first for V;, Ri, Re, and Rs, 
then again for the rest of the circuit. 


Solution 


Remove R,, and find the Thévenin equivalent for the cir- 
cuit to the left of the dotted line shown in Fig. 10-166. 
That is, consider the 5-kQ resistor and 20-V source to be 
removed. 


Re 
i. = a 
VaB i a a A 
2 kQO 
= Xa 
zy 14+ 2kO 
= 10V x 4=6.67V 
Rtn = Ry\[Ro + Re 
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(a) Original circuit 


Ri R3 Res 


== 20V 





(b) Preparation to obtain first Thévenin equivalent 








Rth A 
~ 
2.12 kQ 
+ 
Vth = Ra 
iZ2.3¥.s 4 kQ 
{ 
I 
Lo 
B 


(d) Final Thévenin equivalent circuit 


FIGURE 10-16 
Circuits for Example 10-8B. 


1kQ x 2kO 
~T42K *o 
$kQ + 3 kQD = 3.67 kO 


Now consider the 5-kQ resistor and 20-V source to be 
reconnected to this first Thévenin equivalent, as shown 
in Fig. 10-16c. 


5 kO 


Va. = (20 — oko 
fg = (20 — 6.67) V X -—— 
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5 
13.33 V x —— = 7.7 V 
— 8.67 


Vth = Vas = Ve — Vee 


= 20V-7.7V = 12.3 V 
Rtn = 3.67 kQ||5 kO 
3.67 kQ xk 5 kD, 


— “3674 5kQ 22 ko 


The final Thévenin equivalent circuit is shown in Fig. 10- 
16d with the 4-kQ load reconnected. 


la, = — Vin 

4 Rm t+ Ry 

—  12.3.V 
212 + 4k 


12.3 V 
= 6.12 kO = 2.01 mA 





Note that if the loop current method had been used to 
solve for Jp, directly (instead of using Thévenin’s theo- 
rem), it would have been necessary to solve three simul- 
taneous equations. 


10-5 CURRENT SOURCES 


You have seen that a complex circuit may be represented 
by a constant voltage source in series with a resistance. An 
equivalent circuit can also be obtained in terms of a cur- 
rent source. 

Consider Fig. 10-17a. This may be a 12-V battery con- 
nected in series with a 4-() resistor, or it may be a Thév- 
enin equivalent of some complex circuit. In either case, an 
open-circuit voltage of 12 V exists between A and B with 
an internal resistance of 4 (). 

If A and B are shorted together, as in Fig. 10-17b, a 
short-circuit current of 12 V/4 Q = 3 A will flow. Now, 
assume that it is possible to make a power supply that 
produces a constant output of 3 A, regardless of the load 
resistance connected.* This constant-current source is 
shown in Fig. 10-17c, indicated by a circle enclosing an 
arrow that points in the direction of the conventional cur- 
rent. In this example, a resistance of 4 Q is connected in 


*Using modern IC voltage regulators and current-regulating diodes, it 
is possible to construct circuits with a current output that is substantially 
constant over very wide ranges of load resistance (from zero to several 
thousand ohms), depending upon the particular constant current required. 


CURRENT SOURCES 





| 
| 
| Veg = 12 V 
| 
| 


ae). 2 


(a) Initial constant-voltage-source circuit 


3A 


3 ACA) 





(c) Equivalent constant-current-source circuit 


parallel with the current source. This resistance is needed 
to provide a complete current path and to develop a volt- 
age of 12 V. In other words, the new equivalent circuit in 
Fig. 10-17c must provide the same open-circuit voltage as 
the initial voltage source in Fig. 10-17a. The required par- 
allel resistance is the same as the initial series resistance. 
The constant-current circuit should provide the same 
short-circuit current as the initial circuit in Fig. 10-17a. If 
terminals A and B are short-circuited, as shown in Fig. 10- 


A 
Removed 
3A AQ current 
source 

B 


(a) Equivalent constant-current 
source circuit 





(c) A 4-0 load is connected a 
to the initial voltage-source circuit 





(d) Constant-current-source circuit 
provides a short-circuit current of 3A 





(d) A 4-Q load is connected to a 
the equivalent current-source circuit 
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(6) Constant-voltage-source circuit 
provides a short-circuit current of 3A 


3A A 


AQ 0 


<= 


FIGURE 10-17 
Constant-voltage-source 

and equivalent constant- 
current-source circuits. 


17d, all of the current source’s 3 A will flow between the 
terminals. This provides the same effect as the circuit in 
Fig. 10-175. 

Another test that can be performed to determine equiv- 
alency between the two circuits is to measure the circuit’s 
internal resistance. To connect an ohmmeter to the circuit 
shown in Fig. 10-18a, the constant-current source must be 
removed. As shown in Fig. 10-180, the circuit is left open 
when the current source is removed, in contrast to the 


Ohmmeter 
AQ (2) indicates 
40D 


B 


(6) Measuring internal resistance 
by removing the current source 


2A A 


FIGURE 10-18 

Determining the equivalence 
of the constant-current-source 
and constant-voltage-source 
circuits. 


182 


shorting of the leads when a voltage source is removed. 
The ohmmeter indicates 4 Q. 

When you connect a 4-2 load to the equivalent con- 
stant-current circuit in Fig. 10-18a, does it provide the 
same load voltage and current as when the load is con- 
nected to the initial constant-voltage circuit in Fig. 10-18c? 
Figure 10-18d shows that the 3 A from the constant- 
current source must divide equally between the internal re- 
sistance and the load resistance, since both are 4 0. As a 
result, the load voltage is 6 V, due to a load current of 1.5 
A. These are the same values as in Fig. 10-18c, 


There are two points to note. 


1. While the voltage across the current source on open 
circuit is 12 V in Fig. 10-18a, it is only 6 V when a 
4-Q, load is connected, as in Fig. 10-18d. The 
voltage across a constant-current source varies, 
according to the resistance connected across its 
terminals. 

2. A constant-current-source circuit and a constant- 
voltage-source circuit can be completely equivalent, 
as far as any externally connected load is concerned. 
But the circuits themselves are not equivalent. For 
example, on open circuit, no power is dissipated at 
all in the initial voltage-source circuit of Fig. 








(c) Obtaining Ry The ohmmeter indicates 
Norton resistance, Ry 


FIGURE 10-19 
Experimental determination of a Norton equivalent circuit. 
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10-17a, but the equivalent current-source circuit 
(Fig. 10-17c) dissipates 36 W on open circuit. 


10-6 NORTON’S THEOREM 


An understanding of the concept of a constant-current 
source is necessary to understanding the equivalent circuit 
proposed by Norton. His theorem may be stated as fol- 
lows: 
Any linear two-terminal network of fixed resistances 
and sources of emf may be replaced by a single con- 
stant-current source (Jy) in parallel with a single re- 
sistance (Ry). The values of [yx and Ry are given by 
the following: 


a 


Iy is the current that flows between the designated 
terminals of the original circuit when short- 
circuited. 


2. Ryis the resistance looking back into the original 


network from the two designated terminals, with 
all sources of emf shorted-out and replaced by 
their internal resistances (and any current sources 
in the network opened). 


The Norton equivalent resistance is the same as the 
Thévenin equivalent resistance for any given circuit. The 
only difference is that, in the Norton equivalent, the resis- 





(6) Obtaining J, The ammeter indicates 
short-circuit current Jy, 


Ry 


B 


(zd) Norton equivalent circuit 


NORTON’S THEOREM 


tance is placed in parallel with the constant-current source 
(In). 

Experimentally, Norton’s equivalent for the circuit 
shown in Fig. 10-19a would be found as follows: 


1. As shown in Fig. 10-19b, connect a low-resistance 
ammeter between A and B to measure the short- 
circuit current (Jy). 

2. Reduce the voltage source to zero and connect an 
ohmmeter between A and B to measure the resistance 
(Rx) looking back into the circuit. (See Fig. 10-19c.) 


The Norton equivalent circuit is shown in Fig. 10-19d. 

Alternatively, the Norton equivalent circuit can be ob- 
tained by calculation. The following examples illustrate 
this. 





EXAMPLE 10-9 


Given the circuit in Fig. 10-20a, calculate for loads of 55 
kQ, and 110 kQ, using Norton’s theorem: 

a. Load current. 

b. Load voltage and polarity. 


Solution 


Remove the load, R,, mark the load terminals A and B, 
and calculate the short-circuit current between A and B. 
See Fig. 10-20b. The total resistance seen by the 132-V 
source is given by 


Rr = R, + RallRs 





(c) Determination of Ry 





(zd) Norton equivalent circuit 
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R. X Res 
Ro + Rs 

40 kQ x 60 kQ 
2 Reeder neal ic 
OKO + TOK + 60 kA 
20 kD + 24 kQ = 44 kO 


R, + 


The total current from the 132-V source is 


I; = a (3-1a) 


The current, /y, between B and A is /p,: 


R 
In = IR, = /; Xx Aaa Fi (6-12) 
60 kQ, 
SMX oo «40K. 


The Norton resistance is found by shorting the volt- 
age source as in Fig. 10-20c. 


Rn = Re + RyI|R3 

R, X Rg 

R, + Rs 

20 kQ x 60 kO 
= Oe 20 kQ + 60 kO 
40 kQ + 15kQO = 55k 


Re + 


The Norton equivalent circuit is shown in Fig. 10-20d. 
Note that the current source points “downward,” 
causing the load current to flow from B to A. 

a. Fora load resistance of 55 kQ, /, must divide equally 





(6) Determination of Jy 


A 
Ry 
55 kO Ai, 
FIGURE 10-20 


Circuits for Example 10-9. 


184 


between Ry and R,, so /, = 0.9 mA. When RA, = 
110 kQ, the load current is only one-third of /y or 0.6 


mA. That is, 
= In X pe (6-12) 
55 kQ, 
= : < ———— ee 
VBmA x KO + 110 kn 
55 kQ 
= 18mMA xX 165 kO 
= 1.8mMA x = 0.6 mA 
b. For a load resistance of 55 kQ, 
Ve = x R, (3-1b) 
= 0.9mA Xx 55kQ = 49.5 V 
with B positive with respect to A. 
For R; = 110 kQ, 
Vi = I, x R. (3-1b) 


= 0.6 mA x 110 kQ = 66 V 


with B positive with respect to A. 


As with Thévenin’s theorem, note that Norton’s theo- 
rem allows you to readily obtain the load voltage and cur- 
rent for any load, without repeating the whole problem. 
This is not the case when simple series-parallel theory is 
used. 

The next example involves two voltage sources and 
cannot be solved using simple series-parallel theory. The 





(c) Determination of Ry 


(d) Norton equivalent circuit 
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first part of the example describes a direct application of 
Norton’s theorem. 


EXAMPLE 10-10A 


Given the battery-generator charging circuit in Fig. 10- 
21a, determine the load current and voltage by obtaining 
a Norton equivalent for R, directly. 


Solution 


Removing R, and shorting A to B as in Fig. 10-216, we 
find that 


ly = lp —- lo (6-1) 
Ve, Ve 

Re Re 

13.2 V " 14.4 V 

0.3 0 0.20 

44A+ 72A= 116A 








Shorting-out the voltage sources, but maintaining their 
internal resistances, as in Fig. 10-21c, gives 


Rw oa RallRe 
_ Re X Re 
= Re + Ro ee (6-10) 
030 x 0.20 


“o3n+02n 7 22 


The Norton equivalent circuit is shown in Fig. 10-21d. 
For R, = 0.68 Q, 


FIGURE 10-21 
Circuits for Example 10-10A. 
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Rw 
ie a Re, 
0.12 0 
0120 + 0.68 


=! (6-12) 


= 116A x = 17.4A 


and V, = 17.4A x 0.68 0 = 11.83 V 





Note that the arrow for Jy in the Norton equivalent cir- 
cuit is shown pointing upward. This ensures that the cur- 
rent will flow downward from A to B in Fig. 10-21d, and 
will be consistent with the direction of Jy in Fig. 10-210. 
Although the determination of Jy was made as downward 
in Fig. 10-21b, this direction is not used directly for Jy in 
the Norton constant-current generator in Fig. 10-21d. 


10-6.1 Converting a Thévenin 
Equivalent Circuit to a 
Norton Equivalent 


Earlier, you saw how a current source in parallel with a 
resistance may be equivalent to a voltage source in series 
with the same resistance (as far as any external load is 
concerned). Figure 10-22 depicts the conversion from a 
Thévenin equivalent to a Norton equivalent. 

The value of the constant current source in the Norton 
equivalent is given by 


In (3-1a) 


Ryp, 
and the parallel-connected Norton resistance equals the 
Thévenin resistance: | 

Ry = Rin 


This means that any voltage source in series with a re- 





(6) Final Norton 
equivalent circuit 


(a) Original Thévenin 
equivalent circuit 


FIGURE 10-22 
Converting a Thévenin equivalent to a Norton 
equivalent. 
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sistance may be replaced by an equivalent current 
source in parallel with the same resistance. 
This concept is useful in applying Millman’s theorem. 


10-6.2 Millman’s Theorem—Combining 
Current Sources in Parallel 


Millman’s theorem states: 

Any number of constant-current sources and their 
associated resistances, connected in parallel, may be 
combined into a single current source (/;) and a par- 
allel-connected resistance (R,.,), where: 


1. Jyis the algebraic sum of the original current 
sources. 

2 R,,q is the parallel equivalent resistance of the 
original parallel-connected resistors. 


Although Millman’s theorem refers directly to current 
sources in parallel, it may also be used to advantage with 
voltage sources that are connected in parallel. This is done 
by first converting each voltage source (and its series in- 
ternal resistance) into its Norton equivalent current source 
in parallel with the same resistance. Then, Millman’s theo- 
rem can be applied, as in Example 10-10B. 





EXAMPLE 10-10B 


Solve Example 10-10A by obtaining a Norton equivalent 
for each voltage source and combining the result using 
Millman’s theorem. 


Solution 


The Norton equivalent for Vg and Re is shown in Fig. 10- 

23b where: 

Ve 
B 


In = R- (3-1 a) 


13.2 V 
0.3 0 





= 44A 


and Rne = Rp = 0.3 0 


Similarly, hig = = (3-1a) 





and Rue = Re = 0.2 0 
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(a) Original circuit 


A A 
O O 
Rye Ry, Rng 
0.3.0 0.68 0 0.2.0 
O O 
B B 


(b) Norton equivalent circuits 
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Ing 
724A 





for each voltage source 





(c) Final Norton-equivalent 


circuit 
FIGURE 10-23 
Circuits for Example 10-10B. 


Next, using Millman’s theorem, the current sources may 
be combined into one: 


In = Ine + Ine (6-1) 
=44A+ 72A=116A 


and the parallel resistances may also be combined: 


Rus X Ane 
Rus + Rye 
0.30 x 0.20 


-o30702Q° 2129 


Rn = (6-10) 


This yields the same Norton equivalent (see Fig. 10-23c) 
as in Fig. 10-21d. Then, with R, = 0.68 Q, 


: Ry 0.120 
Ry + Ri 0.12 + 0.680 
V. = 1.R, = 17.4A x 0.689 = 11.8 V 


Lh =n 


10-6.3 Converting a Norton Equivalent 
Circuit to a Thévenin 
Equivalent 


After applying Millman’s theorem and obtaining a Norton 
equivalent, it may be desirable to return to a voltage- 
source circuit. A constant-current source in parallel with 


= 116A x ——mM———. = 17.4A 


a resistance may be converted to an equivalent voltage 
source in series with the same resistance. 

The conversion from a Norton equivalent to the Thév- 
enin equivalent is shown in Fig. 10-24, where the constant 


voltage source is given by 
Vin = In X Ry (3-1b) 


and the series-connected Thévenin resistance equals the 
Norton resistance 
Ry = Ry 


For example, consider the Norton equivalent in Fig. 10- 
25a, with Iy = 116 A and Ry = 0.12 Q. The Thévenin 
equivalent voltage is 








dy 


(6) Final Thévenin 
equivalent circuit 


(a) Original Norton 
equivalent circuit 


FIGURE 10-24 
Converting a Norton equivalent to a Thévenin 
equivalent. 


NORTON’S THEOREM 


Vin = In x Rn = 116A X 0.120 
= 13.92 V~ 13.9 V 


(Load R, is removed for this step). The Thévenin equiva- 
lent resistance is 
Ry, = Ry = 0.12 

The load current in Fig. 10-255 would then be obtained as 
__ Vm 

Rr, + Ri 
_ 13.92 V 
~ 0.12 + 0.68 2 


i, (3-1a) 


= 17.4A 


as before. 

Whether to use Norton’s or Thévenin’s equivalent cir- 
cuit in solving a given problem depends on the circuit in 
question. For example, it is easier to find the Thévenin 
equivalent than the Norton equivalent for the circuit in Fig. 
10-20a. This is because, with the load removed, the open- 
circuit voltage (which is the Thévenin voltage, V7,) may 
be obtained directly by applying the voltage-divider equa- 
tion to R3. 

On the other hand, if a circuit contains two or more 
parallel sources of emf (as in Fig. 10-21a), Norton’s theo- 
rem may be applied most easily. In some circuits, such as 
one equivalent circuit for a transistor, a Thévenin equiva- 
lent is used to represent the input to the transistor and a 
Norton equivalent to represent the output of the transistor. 
(See Section 10-8.) 


10-6.4 Combining Current Sources in 
Series 


Sometimes, it is necessary to analyze a circuit in which 
two or more current sources are in series with each other. 
In this case, each current source and its associated parallel 
resistance is converted into its Thévenin equivalent. The 
voltage sources and resistances are then combined into a 


Hz, 


IN 
116A 0.68 2 


(a) Original Norton 
equivalent circuit 
FIGURE 10-25 
Converting a Norton equivalent to a Thévenin 
equivalent. 


(b) Final Thévenin 
equivalent circuit 
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single voltage source. In turn, this could be converted back 
into a single current source if the conversion would be an 
advantage in solving the circuit. (See Example 10-11.) 





EXAMPLE 10-11 
Given the circuit in Fig. 10-26a, calculate the load cur- 
rent and its direction. 

Solution 
The Thévenin equivalents for the two current sources are 


V; a LR, (3-1b) 
=4mA xX 2kQ0 =8V 


I,=4mA 


l,=6mA 





Rr = 3 kQ 
(a) Original circuit with series-current sources 


R,=2kONV,=8V R,=4kNV,=24V 





(6) Current sources converted to equivalent Thévenin voltage sources 
R3=6kQ V3=16V 





R, =3ka2 
(c) Final series circuit 
FIGURE 10-26 
Circuits for Example 10-11. 
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in series with a 2-kQ resistance 
Vo = lnRe 
= 6mMA Xx 4kQO = 24V 


(3-1b) 


in series with a 4-kQ resistance. These two voltage 
sources are series-connected, as in Fig. 10-266. They 
have a total value of 16 V in series with 6 kQ, as shown 
in Fig. 10-26c. Note the opposite polarities for V, and V2 
resulting from the opposite directions of the original cur- 
rent sources. The load current is given by 

SS (3-1a) 


,=— 


~~ 6kA + 1kQ + 3kO 
4V 
= 70 kD = 0.4mA 
This current flows from A to B because V3 is larger than 


V4. 





10-7 APPLICATION OF THEVENIN 
AND NORTON EQUIVALENTS TO 
A WHEATSTONE BRIDGE 
CIRCUIT 


As a final example of finding Norton and Thévenin equiv- 
alents, consider the Wheatstone Bridge circuit in Fig. 10- 
27. This type of circuit was solved earlier, using the loop 
current method. With that method, three equations had to 
be solved. The application of Thévenin’s theorem is sim- 
pler. 


EXAMPLE 10-12 


Given the Wheatstone Bridge circuit in Fig. 10-27a, find 
a. The Thévenin equivalent circuit for R;. 

b. The Norton equivalent circuit for R;. 

c. The value of R, to provide maximum power transfer. 
d. The power delivered to AR, for the condition in part c. 


Solution 


a. Remove the load (A,) and find Vag in Fig. 10-276. 
Note that the circuit has been redrawn to show 
Clearly that Vag is the difference between Vp, and 
Vr 


4° 
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(a) Original circuit 
FIGURE 10-27 
Circuits for Example 10-12. 


(b) Determination of Vth 


Re 
12V 
j * Re + RP 


2 kO 


12VxXeT Ww eV 


Ra 
xX —- 
, = 12V R, 4+ BR, 
6 kO 
V x ——_7 = 6V 
i= 6+6ko ° 


Vth = Vas = Vro ~~ VR, 
=8V-6V=2V 


> 
I 


(5-5) 


> 
I 


To find the Thévenin resistance (Ry), remove the load 
(R,), and short the voltage source, as in Fig. 10-28a. 
When the circuit is redrawn (Fig. 10-285), it is clear that 
R, and Ro are in parallel with each other. Resistors R3 
and AR, are also in parallel with each other. The two par- 
allel combinations (R,; and Re, R3 and A,4) are in series 
with each other, so far as terminals A and B are con- 
cerned 


Rtn = Ras = Ai\lRo + RAoallRo 
= 1 kQ|2 kO + 6 kQI|6 kQO 


1x2 6x6 
1+ 2 


= + 3kO = 3.67 ko 








The final Thévenin equivalent circuit is shown in Fig. 10- 
29a. 
b. The Norton equivalent is most easily found from the 
Thévenin equivalent: 
Vin 
Rr, 
2V 
- 367k ~ 0.545 mA 
Ryn = Rm = 3.67 kQO 


ly = 


APPLICATION OF THEVENIN AND NORTON EQUIVALENTS TO A TRANSISTOR 


Re R4 R3 





(a) 12-V source Is shorted 


FIGURE 10-28 
Circuits for Example 10-12. 


(6) Rth = Ri | Ro + R3 ll Rg 


See Fig. 10-296. This is simpler than trying to find 
the short-circuit current between A and B in the orig- 
inal circuit. 
c. For maximum power transfer, RL = Rr, = 3.67 k©. 
Ve___ avy 


= ———__+_. = _ 0.27 
R, 3.67 x 10° 0 


d. Power delivered = 
mW. 


Vth 
NOTE V, = eo since R, = Rr, and the open-circuit voltage 


(Vr,) divides equally between R, and Arp. 





APPLICATION OF THEVENIN 
AND NORTON EQUIVALENTS 
TO A TRANSISTOR 


10-8* 


Semiconductor circuits that involve transistors may be an- 
alyzed using graphical or circuit analysis techniques. For 
circuit analysis, an equivalent circuit for the device (tran- 
sistor) must be used. One such circuit, for a bipolar junc- 
tion transistor, consists of both a Thévenin equivalent and 
a Norton equivalent. 

Figure 10-30 shows a PNP-junction-type transistor con- 
nected in an amplifier circuit. A small varying voltage (v;) 
is applied at the input. This causes an input current (7,) to 
flow into the base (B) of the transistor. The input current, 
in turn, causes a larger current to flow in the transistor 
between the emitter (E) and the collector (C). Rc is called 
the collector resistor and Voc is a negative supply voltage. 

The transistor itself may be represented, as far as ac 
quantities at medium frequency are concerned, by four hy- 
brid parameters: hie, hye, hj, and h,.. The input resistance 
is given by h,, (typically 2-5 kQ)), while h,-v, is a small 


*This section may be omitted without loss of continuity. 
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RTh A A 
r 3.67 kQ 
VTh R In R 
2V L 0.545 mA ae 
B B 


(a) Thévenin equivalent circuit (6) Norton equivalent circuit 


FIGURE 10-29 
Thévenin and Norton equivalents for Example 10-12. 


ac voltage source (where h,, is typically 1 x 10~*). To- 
gether, these two form a Thévenin equivalent for what the 
input to the transistor looks like. 

The current flowing out of the transistor depends upon 
the current flowing in. This is represented by a current 
source (hy X ip), where hy may be 50-400. This means 
that output current may be 50 to 400 times greater than the 
input current. A resistance, h,, (typically 100 kQ)), is 
shown in parallel with the current source. This determines 
how much current flows through the collector resistor 
(Rc), and how much voltage is developed at the output. 
The current source and h,, (usually specified as a conduct- 
ance) form a Norton equivalent circuit. Not shown in Fig. 
10-30a, but necessary for proper operation as an amplifier, 
is a dc bias resistor connected from Vcc to the base (B). 


EXAMPLE 10-13 


Consider the equivalent circuit in Fig. 10-306, with h,,. = 
200, h,- = 100 kQ, and Re = 10 k. Assume an input 
voltage (v;) of 0.02 V causes an input base current (/,) 
of 10 pA. Calculate: 

a. Output current (i). 

b. Output voltage (Vv,). 

c. Voltage gain (A, = V,/Vs). 


Solution 


a. The value of the current source is 


200 x 10 pA 
2mA 


= Atelp x 


100k 
100 + 10 kO 


1.82 mA 
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+ 


Uo, Output 


O|~< 5 +0 boy 


Thévenin 
equivalent 
circuit 


PNP transistor * 


(a) Bipolar junction transistor 
amplifier circuit. 


FIGURE 10-30 


NETWORK ANALYSIS 





Norton 
equivalent 
circuit 


(b) Equivalent ac circuit for the 
transistor. 


A hybrid equivalent circuit for a transistor, consisting of a Thévenin equivalent at 


the input and a Norton equivalent at the output. 


b. Output voltage, v, = i,Rco 
= 1.82 mA x 10 kO 
= 18.2V 


c. Voltage gain, A, 





10-9 NODAL ANALYSIS 


In the previous sections, you have seen how branch current 
analysis involves both Kirchhoff’s voltage and current 
laws, while loop (mesh) analysis involves only Kirchhoff’s 
voltage law. Nodal analysis is a method that uses only 
Kirchhoff’s current law. 

In this method, all the nodes (junctions) in the circuit 
are identified, and one is used as a reference. All other 
nodes are assumed to have a positive voltage, called a no- 
dal voltage, with respect to the reference node. Each node 
is assigned a voltage notation, such as V;, V,, and so on. 

A node, in simplest form, is a point at which two or 
more components have a common connection. In this sec- 
tion, major nodes will be emphasized. These are nodes 
where three or more components have a common connec- 
tion, and are sometimes called a junction. Any node may 
be chosen as a reference, but it is usually the one with the 
greatest number of common connections. (See Fig. 10- 
31.) 


In nodal analysis, the currents entering or leaving a 
junction must be determined in terms of the nodal voltages 
and each component’s resistance. Then, the currents leav- 
ing the junction are equated to the currents entering the 
junction. If the circuit contains only two nodes (counting 
the reference node), only a single nodal equation is 
needed. For each additional node in the circuit, one more 
nodal equation is required. Solving these equations pro- 
vides the voltage at each node, allowing determination of 
the current in each component. 





EXAMPLE 10-14 


Given the battery-generator charging circuit shown in 
Fig. 10-32a, use nodal analysis to find: 


Simple node 


Major node Simple 
\ node 





Reference node Reference node 


(a) Difference between simple and 
major nodes 


FIGURE 10-31 
Two- and three-node circuits. 


(6) A three-node circuit 
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(a) Original circuit 





Reference node 


(b) Showing component currents at 
node V, 


FIGURE 10-32 
Circuits for Example 10-14. 


a. The load voltage and current. 
b. The battery current and direction. 
Solution 
a. In Fig. 10-32b, the node at the bottom of the circuit 


has been identified as the reference node, since it 
contains lines common to both sources and the load. 
Let the voltage at the other node be V,. It is assumed 
to be positive with respect to the reference node. As- 
suming V, is larger than V,, current will flow through 
R, from right to left with a value given by 


=. 
In, = 





Similarly, assuming V, is larger than V2, we show a 
current flowing through Raz from left to right (Fig. 10- 
32b), with a value given by 


(i = Vx -_ Vo 
fo Rp 
The current through R, must be downward, since V, 


is positive with respect to the bottom of A,, or the 
reference node: 


191 


Since there are no currents indicated as entering the 
node at V,, we have, by Kirchhoff’s current law: 


Ip, + Ipg +h = 0 


R, R TRO 
Ve = 12 VU — 15 Me _ 9 
0.4 1 a 


Multiplying through by 2: 
5V, — 60 + 2V, — 30 + V, = 0 


8V, = 90 
Y= =v = 11.25 V 


Load current /,) = — = — = —— = 5.625A 


b. Current through the battery, into the positive termi- 
nal, is given by 


_Vvy - Vi 
mR 
11,25.— 12.V 

0.40 


=0.75 V 
040 —1.875A 


The negative sign indicates that current is actually 
flowing in the opposite direction, so battery current 
is 1.875 A out of the positive terminal. 

Note that the current through Az is also negative, 
so V. also supplies current to the junction. Note also, 
that only one equation with one unknown had to be 
solved. Compare this with the loop or branch current 
methods, which require two equations with two un- 
knowns. As you might expect, nodal analysis is also 
much less time-consuming than the superposition 
method. 





The problem in Example 10-14 also can be solved by 
converting the two voltage sources and their associated in- 
ternal resistances into their Norton equivalents, then using 
nodal analysis. 





EXAMPLE 10-15 


For the circuit in Fig. 10-33a, convert each voltage 
source and its internal resistance into a Norton equiva- 
lent, then use nodal analysis to solve for the load volt- 
age. 
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(a) Original circuit 


) Converted circuit 





Reference node 


(c) Showing currents at node V, 


FIGURE 10-33 
Circuits for Example 10-15. 


Solution 


The current source for V; and RA, is given by 


,=— 


| 
I 
e) 
S 
> 


And for V2 and Re by 
I, 


The converted circuit containing Norton equivalents is 
shown in Fig. 10-336. By choosing the lower node as the 
reference and letting the upper node have a voltage V,, 
we can equate the currents /eaving the junction through 
the resistors to the current from the sources entering the 
junction. (See Fig. 10-33c.) 


NETWORK ANALYSIS 


Ve Mey Mey gy 
R, R, Ro |. ? 


1 1 1 
(aq +3+4) 


V, (2.5 + 0.5 + 1) = 45 


30 + 15 


4V, = 45 
V, = 2 = 11.25V 


Therefore, V, = V, = 11.25 V, as before. 


Example 10-16 involves a circuit with three nodes, and 
requires the writing of two nodal equations. 


EXAMPLE 10-16 


Given the circuit in Fig. 10-34a, find the currents through 
the three resistors. 


Solution 


The circuit has been redrawn in Fig. 10-346 to show the 
reference node. The remaining two nodes have been as- 
signed the nodal voltage notations V,; and V>. Note that 
the resistance values have been converted to their cor- 
responding conductance values. This will demonstrate 
the nodal analysis procedure. 


R3 


eS 7 ee Oe 


(a) Original circuit 


R3 0.2 (V2 - Vi)y, 


yj, 0-2 (Vi — Va) 





Reference 


(6) Showing node voltages and 
branch currents. 


FIGURE 10-34 
Circuits for Example 10-16. 
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At node 1, assuming V; is greater than V2, the current As a final demonstration of nodal analysis, consider a 
flowing to the right through Rs is given by circuit with both current and voltage sources, as shown 
Ing = 0.2(Vy — Vo) analyzed in Example 10-17. 
Also leaving the junction is the current through R;: 
ln, = 0.5 V; 


EXAMPLE 10-17 
The sum of the two currents must equal the current en- 
tering due to the current source (/, = 3 A). Thus Given the circuit in Fig. 10-35a, determine the current 
flowing through A, and its direction. 





Ir, “+ Irs = I, 
0.5V, + 0.2(V; — V2) = 3 Solution 
or Assigning the nodal voltages V, and V,, as in Fig. 10- 
0.7V, — 0.2V> = 3 (1) 35b, leads to the two required equations. 
Similarly, at node 2, assuming Vz is greater than V;: At node x: 
1V. + 0.2(V2 — V;) = 2 Ve Ve = VW MOM 
a &, (oa (1) 
or 
At node y: 
~0.2V, + 1.2V> = 2 (2) y 
Mu = Vy Vy + Ve 
Solving equations (1) and (2) simultaneously: a: + a: I, (2) 
4 5 
eA alee Note that 
Therefore, Ip, = 0.5V; V, — (—Vs) V+ Ve 
-~05Sx5V=2.5A hg = BOR 
5 5 
IR. — 1V3 
—~-1Sx25V=2.5A because of the polarity of V2 with respect to the reference 


node. Substituting values in equations (1) and (2), 


in the direction shown in Fig. 10-346, downward. 
Vx 4 Mea Wy | a 











In, = 0.2(V; — V2) to the right 3kO KO 14 oko (3) 

= 0.2 S(5 V —- 2.5 V) V, — Vx Vy + 20V _, nm 4 

= 0.2S x 25V = 0.5 Ato the right 4kQ 5kQ. (4) 

or Since current is in milliamperes and resistance is in kil- 


ohms, the values of V, and V, will be in volts, so the units 


can be dropped for now. Multiply equation (3) by 12: 


0.2 S(25V —5V) 





= 0.2S x (—2.5V) = —0.5 A to the left AV, + 3V, — 8Vy + 4V, — 32 = 0 
= 0.5 A to the right or 11V, — 3V, = 32 (5) 
or and multiply equation (4) by 20: 
Ing = hh — Ir, 5V, — 5V, + 4V, + 80 = 40 
=3A-—-25A=0.5A or —5V, + OV, = —40 (6) 
Multiply equation (5) by 3 and add to equation (6): 
28V, = 56 
Note that the use of conductance values avoids fractions V.=2V 


in the nodal equations. Current is obtained by multiplying 
conductance in siemens by voltage in volts. Substitute V, = 2 V in equation (5), 








194 








Reference 


(b) Showing node voltages and 
branch currents. 


FIGURE 10-35 
Circuits for Example 10-17. 


BV, = 11V, — 32 
= 22 — 32 = -10 





—'1 
Vy = ay = — 3.33 V 
3 
Current through RA, is 
= Vi ~ W 
lr, = R, 
_ 2 - (-3.33)V 5.33 V © ; 
= ako = eg. 1.33 mA left to right 


10-10 DELTA-WYE CONVERSIONS 


To solve complex networks, special techniques are neces- 
sary because, very often, the circuit components do not 
have a simple series-parallel relationship. In some cases, a 


NETWORK ANALYSIS 


R> R; 





Ry 
(a) Delta, A circuit 


FIGURE 10-36 
Delta-wye and wye-delta conversions. 


(6) Wye, Y circuit 


complex network may be reduced to a simple series-par- 
allel combination by substituting an equivalent network. 
Figure 10-36 shows two networks—a “‘delta’’ (A) and a 
‘“wye’’ (Y). The names of these two networks are derived 
from their shapes. 

By using the appropriate equations, it is possible to 
convert a given delta network to an equivalent wye net- 
work. These equations are 


A—- Y 
_ R2R3 
OR, + Ry + Rg 
R3R, 
R, + R, + R3 
R,R> 
Rh. + +e 


R, ohms (10-1) 


Rp = ohms (10-2) 


Rc = ohms (10-3) 


where R,, Rg, and Rc are elements in the wye 
R,, R>, and R3 are elements in the delta. 


Note that, in the equation for each resistor in the wye, 
the numerator is equal to the product of the two adjacent 
resistors in the delta. 

Similarly, a wye may be converted to a delta, using the 
following: 


Y—A 
— RaRg + ReRc + RcRa 
— —— 
— R4aRg + ReRkc + RoR, 
= —— 
— RaRp + RpRc + RcRa 
— ——— 


R, (10-4) 


Ry (10-5) 


R3 (10-6) 


where R,, R>, and R3 are elements in the delta 


R,, Rg, and Rc are elements in the wye. 


DELTA-WYE CONVERSIONS 


Note that, in the equation for each resistor in the delta, 
the denominator is equal to the opposite resistor in the 
wye. 

Example 10-18 shows how a delta-wye conversion can 
be used to solve a problem you saw earlier, involving a 
Wheatstone bridge. 





EXAMPLE 10-18 


Determine the total current supplied by the 12-V source 
in Fig. 10-37a by calculating the total resistance of the 
network between a and d. 


Solution 


There are four possible conversions in the circuit of Fig. 
10-37a. We can identify an upper delta—a, b, c; a lower 
delta—c, b, d; a left wye—ca, cb, cd; and a right wwe— 
ba, bc, bd. Let us convert the upper delta into an equiv- 
alent wye as in Fig. 10-37b. It is suggested that for ref- 
erence purposes, the delta resistors be renumbered to 
conform to the delta-wye conversion equations. 


RRs 

R, + Ro + Rs 
1kQ x 2kO 

“Sm timeeko 
RR; 

R, + Ro + Rs 

— 2kO x 5kO 

~~ 5kOQ + 1kO 4+ 2kO 
R,R> 

R, + Ro + Rs 
5kQ x 1 kQ 


seers er WT ee) ae 


Ra = (10-1) 


Re = (10-2) 


1.25 kO, 


Reo _ (10-3) 


We now see that a series-parallel circuit is formed, as in 
Fig. 10-37c, with a total resistance given by 

Rr = Ra + (Re + Rea)l(Re + Ra) 
3.625 kO x 5.25 kO, 





= 0.25 kO + 3655 kO + 5.25 kQ 
~ 025 k0 + 2.14k0 = 2.39 kO 
I; = x (3-1 a) 
12V 
= = 5.02 mA 
2.39 ka 


These answers and the method of solution should be 
compared with Example 10-4. 
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(a) Original Wheatstone 
bridge circuit 





1kO 





0.25 kQ 


Ry 


3.625 kQ| 
5.25 kO 


(c) Substitution of the equivalent 
wye in the original circuit results . 
in a simple series-parallel circuit 


FIGURE 10-37 
Circuits for Example 10-18. 


A wye-delta conversion could have been used, instead, 
to reduce the bridge circuit to a series-parallel combina- 
tion. In that case, however, you would have to do more 
work because of the larger number of parallel combina- 
tions. The particular conversion to be used depends upon 
the circuit to be solved. The work may sometimes be re- 
duced if it is possible to choose a conversion in which all 
three resistance values are identical. In that case, the three 
‘‘arms’’ of the equivalent network will be the same, re- 
quiring only one calculation. 

It is interesting to note that delta-wye networks are also 
referred to as pi-tee networks, as shown in Fig. 10-38. 
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Ry 
Cc 6b 
R 2 R 3 
a a 
(a) AA or z network 
Re Rp 
—— yy b 
R 4 
¢——$____ a FIGURE 10-38 
Comparison of delta-pi and wye- 
(b) AY or T network tee networks. 
A delta network can be redrawn in the shape of a (1) designations are more common in electrical machinery 
figure, and a wye network in the shape of a tee. The pi- (such as ac motors, generators, and transformers) where a 
tee designations are common in electronics applications, three-phase, three-wire, or four-wire supply is used. This 


since an “‘input’’ and ‘‘output’’ pair of terminals can be topic is discussed further in Chapter 14. 
identified (for example, in a filter circuit). The delta-wye 


SUMMARY 


1. The branch current method of analyzing a circuit involves assigning branch current 
designations, showing polarity signs of voltage drops across resistors, choosing 
arbitrary loops for tracing, and writing as many independent Kirchhoff’s voltage 
law equations as there are windows in the circuit. 

2. After simultaneous solution of the Kirchhoff’s voltage law equations, any negative 
currents are given a direction opposite to the assumed direction. 

3. The loop current method involves indicating a current loop in each window, show- 
ing the voltage drops for each loop, and writing a Kirchhoff’s voltage law equation 
for each loop. The algebraic sum of loop currents through each resistor is used to 
determine the voltage drops. 

4. The superposition theorem is used with a multi-emf circuit. It states that the total 
circuit current is the algebraic sum of the currents resulting from each emf acting 
independently. 

5. The superposition method usually results in a series-parallel combination of com- 
ponents, making it unnecessary to write a set of Kirchhoff’s voltage law equations. 

6. Thévenin’s theorem shows how a complex linear network with at least one emf 
may be represented by a single source of voltage in series with a single resistor. 

7. The Thévenin equivalent voltage is the open-circuit voltage with any load (that 
may later be connected) removed. 

8. The Thévenin equivalent resistance is the resistance looking back into the circuit 
with all emf sources removed and replaced by their internal resistances. 


SELF-EXAMINATION 


9. 


10. 


11. 


12. 


13. 


14. 


IS. 


16. 


17. 


18. 


The Thévenin equivalent of a circuit is very useful in making repeated calculations 
for various loads to be connected to the original circuit. 

Norton’s theorem shows how a complex linear network with at least one emf may 
be represented by a single constant-current source in parallel with a single resis- 
tance. 

The magnitude of the current source is the short-circuit current that flows in the 
original circuit with the load (that may later be connected) removed and replaced 
with a short. 

The Norton equivalent resistance is the resistance looking back into the circuit 
with all emf sources removed and replaced by their internal resistances. It has the 
same value as the Thévenin resistance. 

A Thévenin equivalent circuit can be converted to a Norton equivalent circuit, and 
vice-versa. Each behaves in the same way as the original circuit, as far as any 
externally connected load is concerned. 

Millman’s theorem applies to a circuit in which two or more emfs, and their 
internal resistances, are parallel-connected. Each is converted into a Norton equiv- 
alent and the respective current sources and resistances are combined. Finally, a 
conversion to a Thévenin equivalent is made. 

When two or more current sources are series-connected, each is converted into an 
equivalent Thévenin voltage, which may then be combined into a single voltage 
source. 

Nodal analysis involves identifying a reference node (junction) and assuming that 
all other nodes are positive with respect to the reference node. 

At each node, the current leaving is equated to the current entering. This allows 
sufficient equations to be written to solve for each nodal voltage. 

Three components may be connected in a delta or wye configuration. By using 
the appropriate equations, a delta (or pi) may be converted to a wye (or tee), and 
vice-versa. These conversions may form some series-parallel combination to sim- 
plify the solution of a complex network. 


SELF-EXAMINATION 


Answer true or false 
(Answers at back of book) 
10-1. The branch current method of analyzing a circuit involves the use of both 


Kirchhoff’s current and voltage laws. 


10-2. The number of ‘“‘windows’’ that a network has determines how many indepen- 


dent Kirchhoff’s voltage law equations must be written. 


10-3. Using the branch current method, it is possible to have more than one set of 


voltage-drop polarity signs across a given resistor. 


10-4. The direction of loops shown for tracing currents must always be drawn to 


make an emf appear as a voltage rise. 


10-5. The interpretation of a negative current is simply to reverse the direction from 


the assumed direction. 


10-6. Whether using the branch current or loop current method, there must always 


be as many independent equations as there are unknown currents. 


10-7. The loop current method does not involve Kirchhoff’s current law in order to 


write Kirchhoff’s voltage law loop equations. 


10-8. In the loop current method a loop with no emf will always have the voltage- 


rise side of the equation equal to zero. 
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10-9. The branch current and loop current methods are generally used only when the 


circuit is not some combination of series and parallel components. 


10-10. The superposition theorem only applies to a multi-emf network. 
10-11. There are no restrictions on the type of circuit to which the superposition theo- 


rem can be applied. 


10-12. The advantage of the superposition theorem is that the removal of all emfs but 


one usually leaves a simple series-parallel circuit. 


10-13. Thévenin’s theorem only applies to nonseries-parallel networks. 
10-14. The Thévenin equivalent voltage is the open-circuit voltage of the initial cir- 


cuit, and the Thévenin equivalent resistance is the resistance looking back 
into the circuit with all voltage sources replaced by their internal resistances. 


10-15. A Thévenin equivalent circuit acts exactly as the initial circuit, as far as the 


load is concerned. 


10-16. The Thévenin equivalent for any given circuit is the same no matter which 


component in the initial circuit is being removed to find the equivalent. 





10-17. The resistance in a Norton equivalent is always the same as the resistance in a 


corresponding Thévenin equivalent circuit. 


10-18. The current source in a Norton equivalent is always the short-circuit current in 


the initial circuit. 


10-19. The voltage across a constant current source varies depending upon the load 


connected to it. 


10-20. It is impossible to have two current sources of different magnitude in series 


with each other. 


10-21. A Wheatstone bridge circuit has four major nodes and requires three nodal 


equations for solution. 


10-22. A delta-connected network is found only in three-phase circuits. 
10-23. A delta-wye conversion (or vice-versa) is made if the result is a simple series- 


parallel combination with other components in the original circuit. 


REVIEW QUESTIONS 


a 


Explain why the direction of the loops in either the branch current method or the 

loop current method is arbitrary. 

In the loop current method, what is the rule for writing the Kirchhoff’s voltage 

law equation if a resistor has more than one loop of current through it? 

What circuit conditions are required to apply the superposition theorem? 

How would you experimentally apply the superposition theorem? 

Given a circuit containing a number of emfs (with negligible internal resistance) 

and resistors, describe how you would experimentally determine the Thévenin 

equivalent circuit. 

What is one advantage of solving the current in a component (which takes on 

different values) using Thévenin’s theorem compared with the branch current, loop 

current, or superposition methods? 

a. In what way does a Norton equivalent differ from a Thévenin equivalent cir- 
cuit? 

b. If both were contained in two separate black boxes, how may it be possible 
to determine which one contains the Norton equivalent? 
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8. Describe how you would experimentally determine the Norton equivalent of a 
circuit. 
9. Draw a network that contains one voltage source, two current sources, six resis- 
tors, and four nodes. 
10. Draw a network (other than a Wheatstone bridge) in which a delta-wye conversion 
would permit a series-parallel solution for total resistance. 


PROBLEMS 


(Answers to odd-numbered problems at back of book) 

10-1. Use the branch current method and Fig. 10-1 with Vg = 12.6 V, Vg = 14.1 
V, Rp = 0.05 0, Rg = 0.1 QO, and R, = 1 © to solve for: 

a. Battery current. c. Load current. 
b. Generator current. d. Load voltage. 

10-2. Repeat Problem 10-1 using the loop current method. 

10-3. Assume that the battery in Problem 10-1 was installed with reverse polarity. 
Recalculate the currents and load voltage using either the branch or loop cur- 
rent method. 

10-4. Given the circuit and values as in Problem 10-1, to what would the generator 
open-circuit voltage have to change in order to make the battery current zero? 

10-5. Given Fig. 10-11 with values as shown except that V. = 15 V, find the current 
in each resistor using the loop current method. 

10-6. Repeat Problem 10-5 using the branch current method. 

10-7. Given Fig. 10-4a with R,; = 5.1 kO, R. = 4.7 kO, Rs = 3.3 kO, Ry = 1 
kO, Rs = 2.2 kQO, and V = 15 V, use the branch current method to calculate: 
a. The current in each resistor. 

b. The voltage from c to d. 
c. The total resistance between a and b. 

10-8. Repeat Problem 10-7 using the loop current method. 

10-9. Given Fig. 10-39 with R = 150 Q, use the loop current method to find the 
current through R. 

10-10. Use the loop current method to find the current and its direction through R3 in 


Fig. 10-40. 
100 V 
—)|+ 
Ri R2 Ra 
V1 
= 1 kQ 2 kQ 4 kQ 
Ry R V2 = 
Vi Vo + V3 + — W4 
100 2 + 200 V v= 2\ = tac AV 
Ro R3 
200 Q 3 kQ 
FIGURE 10-39 FIGURE 10-40 


Circuit for Problems 10-9, 10-15, 10-31, and 10-39. Circuit for Problems 10-10, 10-32, 10-33, and 10-41. 
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10-11. Given the circuit and values in Problem 10-7, determine: 

a. The value of resistance that R, must be changed to so that no current flows 
between c and d. 

b. The total resistance between a and b for this condition. 

10-12. Repeat Problem 10-1 using the superposition theorem. 

10-13. Given Fig. 10-11 with values as shown, except that V, = 15 V, find the 
current in each resistor using the superposition theorem. 

10-14. Given Fig. 10-41, find the current through R; = 1 k{ using the superposition 
theorem. 


FIGURE 10:41 
Circuit for Problems 10-14, 10-26, 10-29, and 10-40. 





10-15. Given Fig. 10-39, find the current through R = 100 Q, using the superposition 
theorem. 

10-16. Given Fig. 10-42, a circuit of a three-wire Edison system, use superposition 
to find the current through R;,. 

10-17. Use the mesh (loop) current method to solve for the current in line y of Fig. 
10-42. 

10-18. Use the branch current method to solve for the current in R;, in Fig. 10-42. 


FIGURE 10-42 
Circuit for Problems 10-16, 10-17, 10-18, 10-34, and 
10-42. 





10-19. Given Problem 10-1, find the Thévenin equivalent circuit for R; and thus de- 
termine all the currents and load voltage. 

10-20. Given Problem 10-3, find the Thévenin equivalent circuit for R; and thus de- 
termine all the currents and load voltage. 

10-21. Given Fig. 10-2 with V; = 15 V, V. = 12 V, R; = 5.1 kQ, Ry = 4.7 kO, 
R3 = 2.2 kO, Ry = 4.7 kQO, and Rs; = 1 kQ, find the current through R; 
using Thévenin’s theorem. 

10-22. Given Fig. 10-11 with values as shown except that V, = 15 V, use Thévenin’s 
theorem to find the current through R3. 

10-23. Given Fig. 10-4a with V = 15 V, R,; = 5.1 kQ, Ry = 4.7 kO, R3 = 3.3 
kQ, Ry = 1 kQ, and Rs = 2.2 kQO, use a Thévenin equivalent circuit to find 
the current through R35. 
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10-24. Given Fig. 10-11 and the values as shown, use a Thévenin equivalent circuit 
to find the current through Ry. 

10-25. Given Fig. 10-11 and the values as shown, use a Thévenin equivalent circuit 
to find the current through R;. 

10-26. Given the circuit of Fig. 10-41, use a Thévenin equivalent circuit to find the 
current through R, = 1 kf). 

10-27. Given the circuit of Fig. 10-20a with R; = 15 kO, Ry = 56k, R3 = 33 
kQ,, and V = 40 V, use Norton’s theorem to find the current through R; when 
a. Rp, = 82k 
b. R, = 47kO 

10-28. Repeat Problem 10-1 using a Norton equivalent for R;. 

10-29. Given the circuit of Fig. 10-41, use a Norton equivalent circuit to find the 
current through R, = 1 kQ. 

10-30. Repeat Problem 10-29 using Millman’s theorem. 

10-31. Given the circuit in Fig. 10-39, calculate the value of R for maximum transfer 
of power, and find what this power is, if Rj = 200 and R, = 1000. 

10-32. Given the circuit in Fig. 10-40, determine the Thévenin equivalent for resistor 
R>. 

10-33. Repeat Problem 10-32 with R; = 0. 

10-34. Find the Thévenin and Norton equivalents for R;, in Fig. 10-42. 

10-35. Given the circuit in Fig. 10-43, determine the Thévenin equivalent circuit for 
R,. 

10-36. For the circuit shown in Fig. 10-43, find the resistance seen by the 10-V bat- 
tery, when R; = 1 kQ). 

10-37. Use mesh (loop) analysis to find the current through R, when R; = 10 kQ, in 
Fig. 10-43. 


FIGURE 10-43 
Circuit for Problems 10-35, 10-36, and 10-37. d 





10-38. Given the circuit in Fig. 10-26a with R; = 6 kQ, and Ry = 1 kQ, find the 
current through R; = 1 kQ. 

10-39. Use nodal analysis to solve for the current through R = 75 ) in Fig. 10-39, 
if R; = 200 0 and R, = 100 0. 

10-40. Use nodal analysis to solve for the voltage across R, = 5 kQ in Fig. 10-41. 

10-41. Use nodal analysis to determine the current through R, with R,; = 0 in Fig. 
10-40. 

10-42. Find the current flowing through the y-line in Fig. 10-42, using nodal analysis. 
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10-43. 
10-44. 


10-45. 


10-46. 


10-47. 


10-48. 


10-49. 
10-50. 


FIGURE 10-44 
Circuit for Problems 10-43 and 10-48. 


Use nodal analysis to find the voltage across R;, in Fig. 10-44. 
Given the delta circuit in Fig. 10-36a, with R; = 1kQ, Ry = 2.2 kQ, and 
R; = 3.3 kQ, determine the equivalent wye circuit in Fig. 10-36b. 

Given the wye circuit in Fig. 10-36b, with Rg = Rg = Rc = 10 kQ, deter- 
mine the equivalent delta circuit in Fig. 10-36a. 

Given the circuit in Fig. 10-37a, find the current in R, by converting the lower 
delta—cbd—into an equivalent wye. 

Given the circuit in Fig. 10-37a, with R; = 1.5 kQ, find the total resistance 
between a and d by converting the wye on the right—ab, cb, db—into an 
equivalent delta. 

Given the bridged tee attenuator circuit in Fig. 10-44, find the current through 
the load and the voltage across the load using a delta-wye conversion. 

Solve Problem 10-48 using Thévenin’s theorem. 
Solve Problem 10-48 using Norton’s theorem. 
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Magnetism plays a very important part in the operation of such 
devices as electrical measuring instruments, motors, and 
generators. It was first used for a practical purpose, navigation, 
more than 1800 years ago. The Chinese found that a natural 
magnet, called a lodestone, would align itself with the earth’s 
magnetic field along a north-south direction. The word magnet is 
apparently derived from the name of the ancient Greek city 
Magnesia. Fragments of the mineral magnetite, found in the 
vicinity of Magnesia, display the property of aligning themselves 
with Earth’s magnetic field. 


In 1819, the Danish physicist Hans Christian Oersted discovered 
that magnetism could be produced by an electrical current. This 
led to the development of “temporary” magnets, or 
electromagnets, which display magnetic properties as long as an 
electrical current is supplied to them. 


Electromagnetism is used in such devices as relays, solenoid 
valves, motors, electrical measuring instruments, and even 
magnetic-core memory storage in computers. 


PERMANENT MAGNETS 
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The magnetic properties of a material are revealed by its 
hysteresis loop, a presentation in graphical form of flux density 
plotted against the magnetizing force or intensity. The application 
of the material in ac and dc magnetic circuits is determined by the 
shape and area of the loop. The system of units used for 
measurement of magnetic quantities and their relationships is 
covered in Ohm’s law for magnetic circuits. 


Also covered in this chapter are nonlinear magnetic circuits, which 
require a graphical approach using the B-H curve of the material 


involved. 


11-1 PERMANENT MAGNETS 


A common observation is that a permanent magnet will 
attract certain metals and not others. The only three com- 
mon elements that are attracted to a magnet at room tem- 
perature are iron, nickel, and cobalt. They are called mag- 
netic or ferromagnetic materials. All other materials are 
considered to be nonmagnetic.* 

On a bar-shaped magnet, the two areas that have the 
strongest attraction for a magnetic material are called the 
poles of the magnet. As shown in Fig. 11-1, these are 
distinguished as the north pole and south pole, after the 
earth’s magnetic poles. 


11-1.1 Magnetic Field 


The region surrounding a magnet is called a magnetic 
field. It is useful to represent the direction and strength of 
this field by showing lines of magnetic force (or magnetic 


*Some materials, such as platinum and aluminum, are very slightly 
magnetic, and are called paramagnetic materials. Other elements, such 
as silver and copper, offer a very slight opposition to magnetic lines of 
force in comparison to free space (air), and are termed diamagnetic ma- 
terials. In both cases, however, these effects are so small (approximately 
0.001% different) that all elements except iron, nickel, and cobalt can be 
considered nonmagnetic for practical purposes. 


flux) as in Fig. 11-1. Although there is space between the 
lines, this does not indicate the absence of magnetic force. 
The spacing of the lines is used to indicate the relative 
strength of the force, or magnetic flux density. Thus, the 
more crowded together, or closer, the lines are (as at the 
poles), the stronger the magnetic field and its effect. 

The lines of magnetic force also have direction, as in- 
dicated by arrows. In Fig. 11-1, they are shown leaving 
the north pole and entering the south pole. The lines (and 
thus the magnetic field) are continuous, completing a 
closed loop or path from south to north inside the magnet. 

The direction of the magnetic field is simply the direc- 
tion in which the north end of a compass needle points 
when the compass is placed inside a magnetic field. The 
lines and arrows do not indicate the flow of any electrical 
charge, either inside or outside the magnet. The magnetic 
field around a permanent magnet would continue to exist 
even in a perfect vacuum (such as deep space), where 
there is no matter to conduct electricity. 


11-1.2 Attraction and Repulsion 


The attraction and repulsion of two magnets placed near 
each other is shown in Fig. 11-2. Since lines of force can- 
not intersect, the repulsion exhibited by two like magnetic 
poles (north or south) is represented as shown in Fig. 11- 
2a. The parallel paths of the lines of force at the two like 
poles show the repelling force. The attraction between two 
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. Compass 
Magnetic North end of compass 
lines of force 
or magnetic 
flux ® 
N pole S pole 


(a) Lines of force leave a north pole and enter a south pole 


wi - 
(b) lron filings line up with the magnetic field 


FIGURE 11-1 
Magnetic field of a permanent magnet. 


unlike poles is represented, in Fig. 11-2b, by lines of force 
passing from the north pole of one magnet through the 
south pole of the other magnet. This demonstrates an im- 
portant rule of magnetism: 


Like poles repel; unlike poles attract. 


The attraction of magnetic (but not magnetized) mate- 
rial by a magnet is illustrated in Fig. 11-3. The magnetic 
field (as shown by the lines of force) is distorted as it 
passes through the magnetic material—in this case, an iron 
nail. Iron, as a magnetic material, is said to be more 
permeable than air. The lines of force would rather pass 
through iron than through air. 

In effect, the nail becomes a temporary magnet by the 
process of magnetic induction, as shown in Fig. 11-3. 
Where the field enters the nail, the effect of a south pole 
is created. Where the field leaves the nail, a north pole is 
induced. As a result, the ‘‘south’’ end of the nail is at- 


MAGNETISM AND ITS APPLICATIONS 


(a) Repulsion of like poles 





—> <_—_. 
(b) Attraction of unlike poles 


FIGURE 11-2 
Using magnetic lines of force to show why like 


poles repel and unlike poles attract. 





FIGURE 11-3 
Attraction of an iron nail by a permanent magnet. 


a 


THE ELECTROMAGNET 







Conventional current 
direction 


Magnetic lines of force 
Direction of magnetic 
field 






Conductor carrying 
a current 


FIGURE 11-4 
Magnetic field set up by a current-carrying 
conductor. 


tracted to the unlike (north) pole of the magnet. The same 
effect would take place, with the induced poles of the nail 
reversed, if it were near the south pole of the magnet. In 
other words, either pole of the magnet will attract a mag- 
netic material that has not been magnetized. 

A magnetic material (such as the iron nail) will become 
magnetized to some extent by induction if it remains in 
contact with the magnet for a period of time. When re- 
moved from the magnet, the nail will exhibit residual 
magnetism. This property of a material to retain magne- 
tism is called magnetic retentivity. 


11-2 OERSTED’S DISCOVERY 


Hans Christian Oersted, a Danish physicist, discovered in 
1819 that a current flowing through a wire generated a 
magnetic field that would affect a nearby compass. By us- 
ing a compass to explore the region around the wire, you 
would find that the magnetic field takes a circular (concen- 
tric) form, as shown in Fig. 11-4. The magnetic field is 
strongest at the surface of the wire and weakens as dis- 
tance from the wire is increased. If the current is in- 
creased, the field strength also increases. The magnetic 
field can be made visible by passing the wire through a 
piece of cardboard. Iron filings sprinkled on the cardboard 
will align themselves in the direction of the field, forming 
circular patterns. 

The magnetic field has a direction given by the right- 
hand rule, as shown in Fig. 11-5. The rule is 
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Direction of 


if magnetic flux 
a 


i of flux 


Current “into” 
the paper 


Direction of flux 


(away from the reader) 


Current ‘‘out” 
of the paper 
(toward the reader) 


FIGURE 11-5 

Right-hand rule to determine the direction of the 
magnetic lines of force around a straight current- 
carrying conductor. 


Grasp the conductor with the right hand, so that 
your thumb is pointing in the direction of conven- 
tional current. The fingers curled around the con- 
ductor will point in the direction of the magnetic 
field. 


The direction of the current with respect to the field 
around the conductor is sometimes designated with a 
dot or a cross, as shown in Fig. 11-5. The dot repre- 
sents the current moving toward the reader; the cross 
represents the current moving away from the reader. By 
applying the right-hand rule, the direction of the mag- 
netic field can be established as clockwise or counter- 
clockwise. 


11-3. THE ELECTROMAGNET 


If a conductor is wrapped around a nonmagnetic core, such 
as a hollow cardboard tube, the result is a coil (helix). 
When current is passed through the coil, a magnetic field 
like that of a bar magnet is generated. (See Fig. 11-6a.) 
The current-carrying coil is an electromagnet. The strength 
of the electromagnet’s magnetic field can be increased by 
using a soft iron core (rather than the cardboard tube or 
other nonmagnetic core), by increasing the number of 
turns of wire around the core, or by increasing the current. 

The direction of the field around an electromagnet can 
be established by using the right-hand rule for coils, illus- 
trated in Fig. 11-6b. 
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(a) Magnetic field around 
an electromagnet 


FIGURE 11-6 
Magnetic effect of an electromagnet. 


Grasp the coil with the fingers of the right hand 
pointing in the direction of conventional current. 
Your thumb will point in the direction of the mag- 
netic field through the electromagnet and the coil’s 
north pole. 


An electromagnet is a temporary magnet—if current is 
interrupted, the magnetic field disappears. This property is 
used for control functions in many devices, such as relays, 
solenoids, bells, buzzers, and door chimes. 


11-3.1 Solenoids 


A solenoid is an electromechanical device with a movable 
iron core that acts against an internal spring. Figure 11-7a 
shows a typical use of a solenoid, such as to control a 
water valve. A spring acts on the plunger, holding it in the 
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(6) Direction of magnetic field 
given by right-hand rule for coils 


open position. When current (either ac or dc) is applied to 
the coil, the plunger is drawn into the solenoid. That is, a 
magnetic force is exerted that produces the shortest path 
for magnetic flux to pass through. In this sense, the mag- 
netic lines of force exhibit an elastic property, producing 
a force that finds the shortest path for magnetic flux. This 
movement of the plunger actuates the water valve, opening 
or closing it (depending on design). 


11-3.2 Door Chimes 


A solenoid used in a door chime operates in a similar man- 
ner, except that the force of gravity replaces the spring. 
The plunger normally rests on the bottom chime bar (Fig. 
11-7b). When the circuit is completed by pressing the push 
button, the solenoid draws the plunger upward, so that it 


ee bar 





Solenoid 


Plunger 


(6) Operation of a door chime 


FIGURE 11-7 
Applications of solenoids. 
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strikes the top chime bar and makes a sound. Releasing 
the button breaks the circuit. The magnetic force disap- 
pears, and the plunger drops back on the lower chime bar, 
making another sound. 


11-3.3 Bells and Buzzers 


The intermittent (on-off) action of the door chime should 
not be confused with the continuous vibrating effect used 
in door bells, buzzers, or horns. The vibration is obtained 
by interrupting current through an electromagnet as an ar- 
mature is drawn toward it. As shown in Fig. 11-8, a clap- 
per is attached to the armature. When the door bell is 
pressed, the electromagnet pulls the armature toward it, 
and the clapper strikes the bell. As the armature moves 
away from the contact, current to the electromagnet is in- 
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FIGURE 11-8 
Operation of a doorbell. 


terrupted. This allows the spring to pull the armature back 
toward the contact. When the circuit is completed, the pro- 
cess begins again. This make/break cycle is very rapid, 
and continues as long as the pushbutton is held down. 


11-3.4 Application of Solenoid Valves 
in a Home Heating System 


Many gas-fired, forced-air home heating systems involve 
an interesting application of the solenoid valve. (See Fig. 
11-9.) Two series-connected solenoid valves (located in 
the same mechanical unit) are placed in the gas line feed- 
ing the furnace. A thermocouple in the pilot flame controls 
the safety valve, while the room thermostat controls the 
main gas valve. 


Heat activated switch 
closes when air in plenum 
rises to preset level 


IS 
C) 


120 V ac 


Blower 
motor 


Application of solenoid valves in a domestic forced-air heating unit. 
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A thermocouple consists of two different metals (such 
as iron and constantan) welded together at one end and 
open at the other. When the closed end of the thermocou- 
ple is heated by the pilot flame, an emf of 20 to 30 mV is 
generated at the open end. This voltage is used to energize 
the solenoid in the safety valve (after the valve has been 
manually depressed), holding the valve open and allowing 
gas to flow to the pilot flame. If the pilot flame goes out, 
the thermocouple no longer supplies a voltage to the safety 
valve solenoid. The valve closes, cutting off gas flow. 

The thermostat is a bimetallic switch that operates at 
room temperature. It consists of two different metals (often 
iron and brass) that are bonded together and touching a 
stationary contact. Since the two metals expand at different 
rates (the brass expands more than the iron), an increase 
in room temperature will cause the bimetal strip to bend. 
This moves the strip away from the contact, breaking a 
circuit and turning off the furnace. When the room cools 
to a predetermined temperature, the strip straightens and 
once again touches the contact. The furnace is turned on 
again. 

As shown in Fig. 11-9, the circuit completed by the 
bimetallic strip and contact in the room thermostat applies 
24-V ac to the solenoid in the main gas valve, causing it 
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(a) A form C relay ( 


(c) Symbol for form C relay 
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(d) Alternate symbol for form C relay 
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to open. If the pilot flame is lit, the safety valve will be 
open. This allows gas to flow to the combustion chamber 
and be ignited by the pilot flame. (Of course, if the pilot 
flame is out, the safety valve will prevent gas flow, even 
if the main valve opens.) 

After the main burners operate for a minute or two, the 
temperature in the air plenum rises far enough to close a 
heat-activated switch, applying 120 V to the furnace blow- 
er motor. Warm air circulates through the house, until the 
bimetallic strip in the thermostat opens the contact. This 
closes the main gas valve, cutting off the supply to the 
combustion chamber. The blower motor will continue to 
operate until the air temperature in the plenum drops far 
enough to open the heat-activated switch. There are three 
separate circuits involved in this heating system—the pilot 
flame-safety valve circuit, the thermostat-main gas valve 
circuit, and the plenum switch-blower motor circuit. 


11-3.5 Relays 


A relay is a magnetically operated switch that can be used 
to control many high-voltage, high-power circuits from a 
single low-voltage input. The movement of a single ar- 


Normally closed contact (NC) 
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) Pictorial representation of relay 


FIGURE 11-10 

Magnetic relay and symbols. 
[Photograph in (a) courtesy of 
Potter and Brumfield Division 
AMF Incorporated.] 
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mature, caused by energizing one electromagnet, can si- 
multaneously open and close many contacts. These con- 
tacts usually control loads operating at higher voltage and 
current than the input voltage to the electromagnet’s coil. 
Relays used to control very large loads, such as high 
horsepower motors, are often referred to as contactors or 
starters. Their operating principle is the same as any other 
relay, however. 

One common type of relay has two contacts—one nor- 
mally open, the other normally closed. (See Fig. 11-10.) 
In this device, usually referred to as a “‘Form C’’ relay, a 
spring holds the armature against the upper (normally 
closed) contact, providing continuity. When the rated volt- 
age is applied to the coil, energizing it, the armature is 
pulled downward. This ‘“breaks’’ the normally closed con- 
tact and ‘‘makes’’ (provides continuity with) the normally 
Open contact. 

In a typical relay, a potential difference of 10 V at just 
a few milliamperes is sufficient to energize the relay and 
move the armature. The load contacts may be rated at 120- 
V ac, 1 A, or more. A wide variety of both ac and dc 
relays is available. The ac type can often be recognized by 
a copper segment inserted in the face of the electromag- 
net’s core. This strip, called a ‘‘shading coil,’’ helps to 
prevent ‘‘chattering,’’ the tendency of the coil to become 
de-energized on each half cycle of the coil’s ac input 
voltage. 

The heating system described in Section 11-3.4 can be 
used to illustrate the application of an SPDT (single pole 
double throw) relay. Many forced-air systems are equipped 
to provide air conditioning through the same ducts used 
for heating. When used for cooling, however, the blower 
motor must run at a higher speed to move the heavier cold 
air at the proper rate. A relay can be used to automatically 
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switch over from the low heating speed to the high cooling 
speed, as shown in Fig. 11-11. 

In the heating mode, the relay is in its normally closed 
position, supplying 120-V ac to the blower motor’s low- 
speed winding. (The relay contact is also in series with the 
heat-activated plenum switch and a high-temperature limit 
switch (not shown) that will shut down the system if tem- 
perature becomes excessive.) When the room thermostat is 
switched to the cooling mode, and the air conditioning 
compressor starts running, a contact closes in the condens- 
ing unit to energize the 24-V fan speed relay. The relay’s 
armature is moved to the normally open contact, applying 
120-V ac to the blower motor’s high-speed winding. When 
the room is cooled to the desired temperature, the ther- 
mostat contact, not shown in Fig. 11-11, opens. This, in 
turn, opens the contact in the condensing unit and de-en- 
ergizes the relay. The blower motor shuts off. 


11-4 MAGNETIC UNITS 


The magnetic properties of a material may be displayed 
graphically by means of a B-H curve. To understand this 
term, consider Fig. 11-12, which shows a magnetic core 
with a given number of turns of wire wrapped around it. 
A variable voltage source allows the current in the coil to 
be varied. This, in turn, determines the amount of mag- 
netic flux in the core. 


11-4.1 


An increase in the magnetic lines of force in the core can 
be thought of as an increase in the magnetic flux density, 
B. Magnetic flux density can be defined as follows: 


Flux Density 
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FIGURE 11-11 

Relay used to change blower 
motor from low-speed heating 
to high-speed cooling. 
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Magnetic flux, ® 





Cross sectional 
area, A 


Mean 
circumference, / 


FIGURE 11-12 
Quantities for determining B and H in a magnetic 
core. 


@ 
B= rl webers per square meter (11-1) 


where: B is the flux density, in webers per square meter 
(Wb/m”) or tesla (T) 
® is the magnetic flux, in webers (Wb) 
A is the core’s cross-sectional area, in square 
meters (m7) 

The weber (Wb) is the unit for the measurement of 
magnetic flux in the MKS (meter, kilogram, second) met- 
ric system. A flux density of 1 Wb/m? is also known as a 
flux density of 1 tesla (T). That is, 


1T = 1 Wom’ 


11-4.2 Magnetomotive Force 


Five factors determine the amount of flux density set up in 
the core: current, number of turns, material used in the 
core, length (circumference) of the core, and cross-sec- 
tional core area. The more current and the more turns of 
wire used, the greater will be the magnetizing effect. The 
product of the turns and current is called the magnetomo- 
tive force (mmf), and is analogous to the electromotive 
force (emf). 

F,, = NI ampere-turns (11-2) 
where: F,, is the magnetomotive force, mmf, in ampere- 

turns (At) 


N is the number of turns wrapped on the core 
I is the current in the coil, in amperes (A) 
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11-4.3  Magnetizing Intensity 


It should be clear that a given number of ampere-turns on 
a core with a smaller circumference (length) represents a 
greater magnetizing intensity than the same number of 
turns on a core with a larger circumference. This magne- 
tizing intensity is a useful term and is given the symbol 
H. It is the number of ampere-turns per meter of 
length of the magnetic circuit: 

F,, NI 


l l 


where: H is the magnetizing intensity, in ampere- 
turns/meter (At/m) 

NI is the magnetomotive force in ampere-turns (At) 

/ is the length of the magnetic core, in meters (m). 


ampere-turns/meter (11-3) 


EXAMPLE 11-1 


A cast iron toroid (doughnut) as in Fig. 11-12 has an 
inside radius of 5 cm and an outside radius of 7 cm. It 
has a circular cross section. A coil of 400 turns is 
wrapped around the core and carries a current of 2A. A 
flux of 1.5 x 10~* Wb is set up inside the core. Calcu- 
late: 

a. The flux density in tesla. 

b. The magnetomotive force in ampere-turns (At). 

c. The magnetizing intensity in At/m. 


Solution 


a. Diameter of the circular core cross section, 


= /-—-5cm 
= 2x 10°? m 


area of core’s cross section, 


uch 


A= 
4 


r x (2 « 107° m)° 
a7 X 10°* m? 


] 
> | 


flux density B (11-1) 


.. leo x 10°* Wb 
a1 X 10°74 m? 
0.48 Wb/m? = 0.48 T 


HYSTERESIS 


b. Magnetomotive force F,, = NI (11-2) 
= 400 turns x 2A 


= 800 At 


c. Magnetizing intensity H = - (11-3) 


mean length of core = 2ar 
= 27 X 6cm = 0.377 m 


NI 800 At 
Therefore, H = 7 = 0377m 2120 At/m 





11-4.4 Permeability 


As you have seen, the flux density (B) set up in a core is 
directly proportional to H. (That is, B is directly propor- 
tional to N and J and inversely proportional to /.) A fourth 
variable in determining the amount of flux density is the 
material used for the core. The ability of a material to 
set up a magnetic field is called its permeability (w). 
Thus, B a H and B = wH. This provides a method for 
determining a material’s permeability: 
B 
p= W webers per ampere-turn meter (11-4) 
where: w is the permeability in webers per ampere-turn 
meter (Wb/At-m) 
B is the flux density in webers per square meter 
(Wb/m’”) 
A is the magnetizing intensity in ampere-turns per 
meter (At/m) 

For nonmagnetic materials, ~% = Wo = 47 X 107’ 
Wb/At-m. Magnetic materials, however, have a much 
higher permeability that varies widely with the amount of 
flux density. To show how much more permeable a mag- 
netic material is than air (or any nonmagnetic material) 
relative permeability (w,) is used. 


1. = (11-5) 
Lo 
where: 1, is the relative permeability (no units) 
ww is the permeability of a given material, in webers 
per ampere-turn meter (Wb/At-m) 
io is the permeability of free space (vacuum), 47 
x 107’ Wb/At-m 


NOTE 4, is dimensionless (much like specific gravity), because 
it is a ratio of identical units. It can be as high as several thou- 
sand in some modern magnetic materials. 
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EXAMPLE 11-2 


a. Determine the permeability of the iron core in Ex- 
ample 11-1. 

b. What is the relative permeability of the iron core? 

c. If the iron core in Example 11-1 were replaced by a 
sheet steel core having a relative permeability of 
600, what would be the flux density in the core? 


Solution 

B 

a w= 7 (11-4) 
0.48 Wb/m? a 

oA 2.26 x 10 * Wh/At-m 

JL 

b. p,=— : 

bu 7” (11-5) 


_ 2.26 x 107* Wb/At-m 

~ Am x 1077 Wb/At-m 
c B= wH 

= Pro 

= 600 x 4m x 10°’ Wb/At-m x 2122 At/m 

= 1.6 Wb/m? = 1.6 T 


= 180 


11-5 HYSTERESIS 


Now, the graphical relation between B and H for a mag- 
netic material can be considered. Since » = B/H, the 
graphical relation will show how the permeability of a ma- 
terial varies with the magnetizing intensity (4). 

Assume that the magnetic core in Fig. 11-12 is initially 
in a completely demagnetized state. As the current is in- 
creased, H = NI/I increases, as does the flux density (B). 
Since the number of turns and length of the coil are fixed, 
Al is directly proportional to the current or ammeter read- 
ing. The flux density can be measured by inserting the 


- probe of a flux meter into a small hole drilled in the core. 


Plotting the values of B and H gives the normal mag- 
netization curve (Fig. 11-13a). There is evidently a linear 
portion of the curve where B is relatively proportional to 
H. But then, a condition of saturation occurs where a very 
large increase in H is needed to significantly increase B. 

If the current is then gradually reduced toward zero, H 
returns to zero, but B does not. The core retains some 
residual magnetism (exhibits retentivity). The retentivity is 
represented in Fig. 11-13a by the distance OR. 

If the connections to the coil are reversed and the cur- 
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rap) 
B= — Saturation 
A J 


Normal magnetization 
curve 


(a) Hysteresis loop for material 
used in an ac circuit 


rent again increased, then a certain amount of H is needed 
to bring the magnetism in the core down to zero again. 
This is called coercivity and is represented by the distance 
OC. As the current is further increased, the core is once 
again magnetized (in the opposite direction from before), 
until saturation again takes place. 

Reduction of the current and subsequent reversal of di- 
rection will produce a closed figure called a B-H curve or 
hysteresis loop. Hysteresis comes from the Greek word, 
hysteros, meaning ‘‘to lag behind.’’ In magnetic terms, the 
state of the flux density is always lagging behind the ef- 
forts of the magnetizing intensity. 

The shape of a B-H loop indicates the magnetic prop- 
erties of a material, and thus, its potential applications. To 
understand this, the basic theory of magnetism must be 
considered briefly. 


11-6 BASIC THEORY OF MAGNETISM 


You have seen how an electrical current sets up a magnetic 
field. In the atomic structure of materials, each electron 
not only rotates around the nucleus of the atom, but also 
spins on its own axis. This spinning movement of a nega- 
tive charge is, in effect, a very small current and produces 
a tiny magnetic field. The combined magnetic effect of 
between 10!’ and 107! molecules is called a magnetic do- 
main. Each domain acts as a tiny bar magnet with its own 
north and south poles. Only ferromagnetic materials (iron, 
nickel, and cobalt) possess magnetic domains because 
these atoms act collectively in their magnetic effect, in- 
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(6) Hysteresis loop for permanent 
magnet or ferrite core 


MAGNETISM AND ITS APPLICATIONS 


\ (1) 






FIGURE 11-13 
Hysteresis loops. 


stead of singly as in nonmagnetic materials. In an unmag- 
netized material, these domains have a random orientation 
with no overall magnetic effect. (See Fig. 11-14a.) But 
when the material is placed in a magnetic field, as shown 
in Fig. 11-14b, the domains become aligned, producing 
an overall magnetic effect. 

In materials used to make permanent magnets, most of 
the domains remain in alignment after the external mag- 
netic field is removed. In other materials, such as soft iron, 
the domains quickly lose their alignment after removal of 
the external field. Thus, the material quickly loses its mag- 
netism. 


11-6.1 Hysteresis Losses 


It is now obvious that saturation is the effect of the do- 
mains becoming almost completely aligned. Also, if the 
magnetic material is subjected to an alternating magnetiz- 





(a) a orientation of 
domains in unmagnetized 
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FIGURE 11-14 
Schematic representation of magnetic domains in 
unmagnetized and magnetized materials. 


(6) Alignment of magnetic 
domains in magnetized 
material 


SOME APPLICATIONS OF MAGNETIC MATERIALS 


ing force (as is the case when ac current flows in a trans- 
former), the magnetic domains in the core will undergo a 
reversal many times each second. If the supply frequency 
is 60 Hz, for example, the hysteresis loop will be repeated 
60 times per second. The magnetic core will become warm 
(in part due to the constant reversal of the magnetic field), 
and as a result, lose some energy. This is referred to as 
‘“‘hysteresis losses.’’ In a transformer, the result is less 
power available at the output compared to the input. 

Hysteresis losses, in addition to being proportional to 
frequency, are also proportional to the area of the B-H 
curve. For this reason, materials used in motors, alterna- 
tors, and other ac equipment should have low values of 
coercivity and retentivity. This will reduce the area of the 
hysteresis loop. Soft iron and alloys known as “‘Supermal- 
loy’’ and ‘‘Permalloy’’ meet this need. They have a B-H 
loop more closely resembling that in Fig. 11-13a. 


11-7 MATERIALS FOR PERMANENT 
MAGNETS 


For a permanent magnet, the B-H loop should be as square 
as possible. (Refer to Fig. 11-13b.) Permanent magnet 
materials should have high values of coercive force (ap- 
proximately 100,000 At/m) and residual flux density (ap- 
proximately 1 T). 

Alnico, an alloy of aluminum, nickel, iron, cobalt, and 
copper, is widely used for permanent magnets in audio 
speakers. However, the increasing cost of cobalt is ex- 
pected to expand the use of hard ferrites in these applica- 
tions. Hard ferrites are ceramic materials consisting of bar- 
ium carbonate with particles of ferric oxides. They have 
good ferromagnetic properties, but are poor conductors of 
electricity. This lack of electrical conductivity is an advan- 
tage at high frequencies, since it significantly reduces 
losses due to eddy currents in communications coils. 
(Eddy currents are discussed in Section 16-1.3.) 

Ferrites are not usually found in power circuits at low 
frequencies because they tend to saturate at fairly low H 
values. A manufacturing advantage of ferrites is that the 
material can be molded into any desired shape, then fired 
in an oxygen atmosphere to produce the finished magnet. 

In addition to Alnico and hard ferrites, a third group of 
materials is used for permanent magnets. Referred to as 
the rare earth group, these materials are all elements that 
have three electrons in their valence shells. They are ex- 
pected to replace Alnico in many applications. 
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11-8 SOME APPLICATIONS OF 
MAGNETIC MATERIALS 


An interesting application of a ferrite core is the digital 
magnetic core memory. (See Fig. 11-15.) When the core 
(which has a square B-H loop like the one shown in Fig. 
11-13b) is magnetized in one direction, it can be consid- 
ered as storing a digital one (1). When a pulse of current 
is passed through a wire that runs through the center of the 
ferrite ‘‘bead,’’ it is magnetized in the opposite direction, 
storing a digital zero (0). By using suitable wires and con- 
trols, the stored information can be ‘‘read’’ (or ‘‘sensed’’), 
or new information can be ‘‘written’’ into the core. A se- 
ries of such cores, assembled into flat plates like the one 
shown in Fig. 11-15, can be used to store “‘words’’ of 
information. By ‘‘addressing’’ the proper location in a 
stack of such plates, stored information can be obtained 
very quickly. 

Another type of computer information storage is mag- 
netic tape. A layer of magnetic oxide is applied to a thin 
mylar backing, and the tape is passed in front of a record- 
ing head, as shown in Fig. 11-16. The recording head con- 
sists of a soft iron core with a coil wrapped around it. 
When current passes through the coil of the recording head 
in one direction, a certain magnetic polarity is developed. 
This magnetizes the coating on the tape in a corresponding 
direction, representing a digital one. Current in the oppo- 
site direction in the coil reverses the stored magnetic po- 


a 
; ad 


beaee prevsrezstezs as 
ante S ae ae 


rit 3 


2 sills 





FIGURE 11-15 

This 3 x 8 in. plane of magnetic core memory has 
1000 ferrite ‘“‘beads’”’ to store digital information. 
(This is an example of an early generation of core 
storage.) 
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<= Magnetic tape 


larity on the tape to represent a digital zero. Bits of infor- 
mation (in a ‘‘1’’ state or a ‘‘O’’ state) are stored along the 
length of the tape. The material can be “‘read back’’ by 
passing the tape under a read head. Voltages of varying 
polarity will be induced in the coil of the read head as the 
magnetic fields on the tape pass by. (See Section 14-1.) 

A similar method is used to record audio frequency sig- 
nals on magnetic tape. In this case, the frequency of the 
current in the coil of the recording head (or playback head, 
during playback) is varied and alternated at an audio rate. 
Loudness of the signal is determined by the amount of 
current, and thus the strength of field set up on the tape. 
The tape must move past the head at a steady, fairly high 
rate of speed to record high fidelity music. Fidelity (close- 
ness of the recording to the original performance) of the 
recording also depends on the quality of the tape’s mag- 
netic coating and the quality of the heads used for record- 
ing and playback. 


11-9 DEMAGNETIZATION 


The magnetic domain theory, as described in Section 11- 
6, supports methods that can be used to demagnetize a 
magnet. Mechanical vibrations, for example, or repeatedly 
striking a magnet, will tend to rearrange the aligned do- 
mains. This causes the magnet to lose its magnetic prop- 
erties. 

A similar, but more effective, method is to heat the 
magnet above the Curie temperature. This temperature, 
which varies from material to material, causes an abrupt 
and complete loss of ferromagnetism. The Curie tempera- 
ture for iron is 770°C, for cobalt 1131°C, for nickel 358°C, 
and for various alloys, points between 358 and 1131°C, 
depending upon their composition. Apparently, the high 
temperature causes the atoms and molecules to reach a 
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FIGURE 11-16 
Magnetic tape recording head principle. 


high state of agitation, disturbing the magnetic domain 
alignment. The material can be remagnetized only after 
cooling to below its Curie temperature. 

Neither of the methods already described is suitable for 
demagnetizing manufactured articles. A widely used prac- 
tical method is the demagnetizing coil, which has many 
turns and carries an alternating current. This sets up an 
alternating magnetic field in the center of the coil. If the 
article to be demagnetized is inserted in the center of the 
coil, it undergoes a cyclical magnetic reversal around the 
hysteresis loop. When the article is slowly withdrawn from 
the coil (or the ac current in the coil slowly reduced to 
zero), its magnetic state follows ever-decreasing ampli- 
tudes of hysteresis loops, as shown in Fig. 11-17a. When 
the article has been completely removed from the loop, the 
coercivity and retentivity have been essentially reduced to 
zero. 

Demagnetization has a number of practical applications. 
The recording head of a tape recorder, for example, must 
set up a magnetic field only when current flows through its 
coil. But after continual use, the head retains some resid- 
ual magnetism, which can cause background ‘‘noise’’ 
while recording. A demagnetizing tool, similar to the coil 
just described, is used to remove the unwanted magnetism 
from the head. 

Another application involves color television sets. The 
metal parts around the picture tube can become perma- 
nently magnetized, affecting quality of the picture. This 
magnetism can be eliminated by placing a coil (operating 
from a 120-V, 60-Hz supply) near the picture tube and 
slowly moving it away. Most modern sets incorporate a 
demagnetizing coil around the picture tube that automati- 
cally energizes for a short time whenever the set is turned 
on. This eliminates the need for periodic demagnetizing, 
and allows the set to be moved from one location to an- 
other without being affected by variations in the earth’s 
magnetic field. 


FORCE ON A CURRENT-CARRYING CONDUCTOR IN A MAGNETIC FIELD 





(a) Successive hysteresis loops used in demagnetizing 
a magnetic material 


FIGURE 11-17 
B-H curve and demagnetizer. [Photograph in (6) 
courtesy of the R. B. Annis Co.] 


Demagnetizing is sometimes referred to as degaussing 
(the coil used to demagnetize TV picture tubes, in fact, is 
usually called a ‘‘degaussing coil’’). The name comes 
from the older CGS (centimeter-gram-second) metric sys- 
tem’s unit of measurement for magnetic flux density, the 
gauss (G). The gauss is a small amount of flux density, so 
the term kilogauss is often used. The earth’s magnetic field 
is about one-half gauss. 

Research in magnetism is often reported in CGS units, 
rather than MKS units. For example, the CGS unit of 
magnetizing intensity is the oersted (1 Atm = 0.0126 
Oe). Thus, a B-H curve in the CGS system would consist 
of a graph of gauss against oersteds. Many of the meters 
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(a) Force F is exerted on a conductor of length J, carrying 
current J, ina magnetic field B 


B Field due to J 








Field reinforced 


(6) The separate and combined magnetic fields 


FIGURE 11-18 
Force acting on a current-carrying conductor. 


available to measure flux densities are calibrated in gauss, 
and are thus known as gaussmeters. (See Section 11-11.) 


11-10 FORCE ON A CURRENT- 
CARRYING CONDUCTOR IN A 
MAGNETIC FIELD 


In this section, the interaction of magnetic fields will be 
considered. In particular, you will learn about the inter- 
action of a permanent magnetic field with that due to a 
current-carrying conductor placed in the field. (See Fig. 
11-18a.) 

As you learned early in this chapter, the field set up 
around a current-carrying wire is circular. If the wire, or 
some part of it, is perpendicular to the field of a permanent 
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magnet, the flux lines on the lower side of the wire will 
be in the same direction as the flux lines of the permanent 
magnet. Due to the additive effect, this means that the flux 
lines are concentrated in the area beneath the wire. In the 
area above the wire, on the other hand, the flux lines op- 
pose each other, resulting in a weakened field. The overall 
distribution of fields is shown in Fig. 11-18b. 

The result of this concentration of flux beneath the wire 
is to move it upward into the weaker field. If either the 
current or the permanent magnet’s field is reversed, the 
situation would be just the opposite—the concentration of 
flux would be above the wire, moving it downward. 

The interaction of the fields produces a force. In fact, 
this is how it can be determined whether a magnetic field 
exists in a region: 


A magnetic field is said to exist at a point if a force 
is exerted on a moving charge at that point. 


Thus, you could use a moving stream of charge, such 
as the electron beam in an oscilloscope, to explore an un- 
known magnetic field. If the spot of light produced by the 
beam on the oscilloscope’s fluorescent screen remains at 
the same point on the screen as the tube is moved around, 
one of two conclusions is possible. Either no magnetic 
field exists, or the electron beam is parallel to the field. 
But if the spot on the screen is deflected upward or down- 
ward as the tube is moved, you can conclude that a mag- 
netic field exists, and can determine its direction. 

In theory, this method could be used to examine the 
earth’s magnetic field. If the beam is placed parallel to the 
earth’s field (roughly north-south), the spot will not be 
deflected. If the beam is turned 90° (to travel west to east), 
the spot would be deflected downward. This indicates that 
the earth’s magnetic field has a direction from geographic 
south to geographic north. The lines of force leave a re- 
gion near the south geographic pole and travel to a region 
near the north geographic pole. Since the lines of magnetic 
flux move from the magnetic north pole to the magnetic 
south pole, the magnetic and geographic poles are re- 
versed. What we usually call the north magnetic pole is, 
in fact, the south pole—even though it is physically 
located near the north geographic pole. Thus the end 
of a compass needle that points north is actually a north 
pole, and not a “‘north-seeking’’ pole as it is often 
called. 

The earth’s distribution of magnetic flux is similar to 
what it would be if the earth’s core were a huge bar mag- 
net. This is illustrated in Fig. 11-19. The angle between 
the earth’s magnetic field and the true geographic north— 
south direction is called variation or declination. The an- 
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FIGURE 11-19 
Simplified diagram of the earth’s magnetic field. 


gle of declination varies in different parts of the world and 
from year to year. 
The amount of force acting on a moving charge is given 


by 


F = qvB newtons (11-6) 


where: F is the force in newtons (N) 
q is the charge of the particle in coulombs (C) 
v is the velocity of the charge perpendicular to B 
in meters per second (m/s) 
B is the flux density of the field in teslas (T) 


If the particles are moving at some angle with B other than 
§@ = 90°, the force is reduced by a factor of sin 0. 

Using the preceding equation, it is possible to obtain 
the force acting on a conductor as in Fig. 11-18a. 


= Bil newtons (11-7) 


where: F is the force on the conductor in newtons (N) 
B is the flux density of the field in which the con- 
ductor is placed, in teslas (T) 
I is the current in the conductor in amperes (A) 
/ is the length of the conductor perpendicular to the 
field in meters (m) 
If the conductor is at some angle with B other than 0 
= 90°, the force is reduced by a factor of sin 0. 


HIGH-FIDELITY LOUDSPEAKER 





EXAMPLE 11-3 


A 1-m length of No. 14 copper wire is located between 
two pole faces, each of which is 10 cm*. The total flux 
between the two poles is 1.2 x 10°* Wb. Calculate: 

a. The force acting on the wire when it is carrying 5 A 
and is perpendicular to the field. 

b. The force acting on the wire when it is carrying 5 A 
and is at an angle of 45° with respect to the field. 

c. How much current must pass through the wire when 
it is perpendicular to the field if it is to support its own 
weight of 18 g and remain suspended in the mag- 
netic field. 


Solution 


a. The configuration is as shown in Fig. 11-18a, with 
the active length of the conductor in the magnetic 
field equal to 10 cm. That is, 7 = 0.1 m. 


® 
= — 14-1 
B v (11-1) 
1.2 x 10°? Wb 
0.1mx0.1Mm _ ee 
F = BIl (11-7) 
=12Tx 5A xX 0.1m 
= 0.6 N (0.13 Ib) 


b. F = Bilsin 0 
0.6N x sin 45° = 0.6N x 0.707 = 0.42 N 
= mg (weight of the 1-m length of wire) 


O 
= 
| Il 


18 x 10-%kg x 985 = 0.176 N 


This must be balanced by the magnetic force 


F = Bil (11-7) 
=12x 0.1.x] newtons 
Therefore, 0.12 7 = 0.176 
0.176 
I= ——A=1. 
and 0412 A= 1.47 A 


There are many applications of a force being exerted on 
a current-carrying conductor in a magnetic field. Some of 
them are examined in the following sections. 


11-11 HALL EFFECT AND THE 


GAUSSMETER 


Figure 11-20a shows a conductor in the form of a flat 
strip, perpendicular to a magnetic field (B). Charges are 
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made to flow through the strip by the external cell. The 
charges have a magnetic force (F = qvB) exerted on them, 
where v is the drift velocity. If the charge carriers are elec- 
trons, they are driven toward the upper edge of the strip. 
An excess negative charge accumulates at this edge, leav- 
ing an excess positive charge on the lower edge. This es- 
tablishes a potential difference of a few microvolts, called 
the Hall emf or Hall voltage. The Hall emf is always at 
right angles to both the magnetic field and the current, 
respectively. 

The Hall emf depends directly on the current and the 
magnetic field strength. Thus, if the current is held con- 
stant, the emf is a direct indication of the magnitude of 
the magnetic flux density (B). This allows it to be used in 
instruments to measure the magnetic field strength. The 
generated Hall emf is much larger if a semiconductor (such 
as indium arsenide) is used. Even so, amplification of sev- 
eral hundred times is necessary to drive a dc meter, usually 
calibrated in gauss. Multirange full-scale deflections from 
10 to 10* G are available on typical portable gaussmeters 
(fluxmeters) like the one shown in Fig. 11-20b. The probe 
that contains the semiconductor strip must be rotated until 
a maximum reading is obtained. 

The Hall effect, it is interesting to note, provides a 
means of distinguishing between N-type and P-type semi- 
conductors. (See Chapter 28.) In P-type semiconductors, 
current is conducted by means of positive charges called 
holes. Hole flow coincides with the direction of conven- 
tional current. Thus, if the N-type semiconductor in Fig. 
11-20a is replaced by a P-type, and all other variables 
remain unchanged, the Hall emf will have an opposite po- 
larity. A hole flowing in one direction is not the same as 
an electron moving in the opposite direction. 


11-12 HIGH-FIDELITY LOUDSPEAKER 


As shown in Fig. 11-21a, a loudspeaker consists of a fixed 
permanent magnet and a moving coil located in an air gap. 
The moving coil, or ‘‘voice coil,’’ may have a resistance 
of from 4 to 20 Q. It is held in place and centered by a 
stiffening element called a spider. Attached to the spider 
and suspended from the basket (or main frame) is the flex- 
ible cone. 

When current from the audio amplifier flows in the 
voice coil, a force acts on the coil and causes it to move 
in the magnetic field in the air gap. The cone vibrates back 
and forth, sending out air pressure waves with the same 
frequency as the audio input signal current. 
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(a) Hall emf developed by a magnetic field passing 


through a current-carrying semiconductor 





(6) Photograph of a gaussmeter 


Modern loudspeaker systems (Fig. 11-21) can typi- 
cally reproduce frequencies ranging from 30 to 18 kHz, 
using three transducers ranging in size from 1 in. to 12 or 
15 in. diameter. A crossover or dividing network directs 
frequencies to the proper transducer. The highest (treble) 
frequencies are handled by a dome radiator or horn that 
produces very small displacements. The bass frequencies, 
however, contain more energy. They cause the cone of the 
large ‘‘woofers’’ to vibrate more slowly, but with dis- 
placements of as much as 1-in. Woofers operate as low as 
20 to 30 Hz. 


11-13 DC MOTORS 


The operation of a dc motor is the direct result of the force 
acting on a current-carrying conductor in a magnetic field 





FIGURE 11-20 

Hall effect and gaussmeter. 
[Photograph in (6) courtesy of 
RFL Industries, Inc.] 


(as described in Section 11-10 and illustrated in Fig. 11- 
18b). A motor takes electrical energy and converts it into 
rotational mechanical energy. Some small dc motors use a 
permanent magnet to set up the stationary or stator field. 
Most, however, use field windings wrapped around pole 
pieces located around the motor frame, as shown in Fig. 
11-22. 

The armature, or rotor, is a cylinder of soft steel 
mounted on a shaft so that it can rotate about its axis. A 
number of insulated copper wires are placed in slots run- 
ning the length of the rotor. Current is led into and out of 
these conductors through stationary carbon brushes riding 
on a commutator on the end of the rotor shaft. The com- 
mutator (shown in Fig. 11-22b) consists of copper seg- 
ments insulated from each other and connected to the con- 
ductors. The commutator, as it rotates, provides an 
automatic switching arrangement. It keeps current flowing 
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(b) Athree-way loudspeaker system with dividing network, 1-in. dome radiator, 


(a) Cross-sectional view of large- 
cone loudspeaker 


FIGURE 11-21 
Loudspeaker details and system. [Photograph in (6) courteys of James B. Lansing Sound, Inc.] 


in the rotor conductors in the proper direction (as shown 
in Fig. 11-22), no matter what the position of the rotor. 
As a result, all of the conductors under one field (stator) 
pole experience a side thrust in one direction, and the con- 
ductors under the other field pole experience a thrust in the 
opposite direction. The armature thus assumes a counter- 
clockwise rotation for the given current direction. Note the 
way in which the motor frame serves as a path for the 
magnetic field that passes through the rotor. 

The way in which the field windings and the armature 
are connected to the dc supply determines the type and 
characteristics of the motor. There are four possible con- 
nections, as shown in Fig. 11-23. 

A shunt motor has a constant field current, because the 
field winding is in parallel with the supply. The field wind- 
ing consists of many turns of fine wire to produce a large 
flux. Although its speed does decrease slightly with an in- 
crease in load, the shunt motor is considered a constant- 
speed motor. It is commonly used to drive a fan (as in an 
automobile heater). The speed can be controlled by vary- 
ing a rheostat wired in series with the field winding. An 
increase in resistance reduces the field and increases the 
speed of the motor. 

In the series motor, the field winding is connected in 
series with the armature. Since the field must carry the full 





5-in. midrange speaker, and a 12-in. low-frequency transducer with a 10% 
pound magnet, capable of handling 300 W rms 


armature current, it normally consists of a few turns of 
comparatively large-diameter wire. High starting torque is 
the major characteristic of the series motor. When the mo- 
tor is started, there is a large in-rush of current, setting up 
a very strong field in both the stator and the armature. The 
large torque developed makes this type of motor ideal for 
such applications as automobile starters. If the load is re- 
moved from a series motor, the current and the magnetic 
field both drop, causing the motor’s speed to increase. (It 
is trying to generate a counter-emf equal to the applied emf 
with a much lower flux. It can only do this by rotating 
faster. See Chapter 14.) For this reason, large series mo- 
tors should not be used in situations where the load might 
become disconnected. The speed could increase to a dan- 
gerously high rate, causing the motor to fly apart as a re- 
sult of centrifugal force. 

A compound motor has two field windings (shunt and 
series) that can be connected in either the long- or short- 
shunt configuration. As shown in Fig. 11-24, compound 
motors have speed and torque characteristics midway be- 
tween those of the series and shunt motors. 

It should be noted that a dc motor’s direction of rotation 
is not changed by reversing the applied polarity (except in 
the case of small motors with permanent magnets used for 
the stator field). To obtain opposite rotation, the connec- 


222 MAGNETISM AND ITS APPLICATIONS 





Stator field windings on pole pieces 


Stationary brushes riding on 
commutator (not shown) 


Rotor 
Copper conductors in slots 


Shaft 


\L— 
po RS il 


— 
_— 
Pi — 
Ml 


} P 
es a 
ig 


(a) Cross-sectional view 


— 
"Wiig. ~~ 
a 


Windings 


Commutator 
segments 


FIGURE 11-22 
(6) Armature or rotor Pictorial representation of a dc motor. 


FIGURE 11-23 


Schematic diagrams of dc motor 
(c) Long-shunt compound (d) Short-shunt compound connections. 
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Speed and torque 





Armature current 


FIGURE 11-24 
Comparison of speed and torque characteristics for 


varying loads on shunt, series, and compound 
motors. 


tions to either the field or the armature must be reversed. 
This fact makes possible a universal motor that will run 
on either alternating current or direct current. Universal 
motors, commonly used for hand drills, mixers, and sew- 
ing machines, are series motors, developing high torque at 
low speeds. Speed control in appliance applications is ac- 
complished by means of a solid-state device called a triac. 
It varies how much of the 120-V, 60-Hz sine wave is ap- 
plied to the motor, without substantially reducing the 
torque (in contrast to most de motors with simple rheostat 
control). 


11-14 OHM’S LAW FOR A MAGNETIC 
CIRCUIT* 


The amount of magnetic flux in a magnetic circuit can be 
calculated using a relationship similar to Ohm’s law for a 
de electric circuit. If you think of magnetic flux (®) cor- 
responding to electric current (J), and magnetomotive force 
(F,,) corresponding to electromotive force (V), there 
should be some magnetic quantity corresponding to elec- 
tric resistance (R). This quantity is called magnetic reluc- 
tance (R,,), and is a measure of a magnetic circuit’s op- 
position to the setting up of a magnetic flux. That is, 
Cause 


Resa = ————— 
Opposition 


*This section may be omitted with no loss of continuity. 
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For an electric circuit, J = V/R. For a magnetic circuit: 


F 
@® = 7 webers (11-8) 


m 
where: ® is the magnetic flux in the magnetic circuit in 
webers (Wb) 
F,,, is the magnetomotive force NI in ampere-turns 
(At) 
R,, is the reluctance of the magnetic circuit, in 
At/Wb 


In the same way that the resistance of a conductor can 
be calculated using R = pl/A, the reluctance of a magnetic 
circuit can be obtained by using: 

R,, = = ampere-turns per weber (11-9) 

pA 

where: R,,, is the reluctance of the magnetic circuit in am- 
pere-turns per weber 

1 is the length of the magnetic circuit in meters (m) 

A is the cross-sectional area of the magnetic circuit 
in square meters (m7) 

yw is the permeability of the magnetic material in 

webers per ampere-turn meter (Wb/At-m) 

Using Eq. 11-2 (F,, = NJ), you can now obtain an 
expression for ® that shows all five factors affecting the 
magnitude of a magnetic field set up by a current-carrying 
coil: 


(11-10) 


where all of the terms are as previously defined. 





EXAMPLE 11-4 


A cast iron toroid has an inside radius of 5 cm and an 

outside radius of 7 cm with a circular cross section. A 

coil of 400 turns is wrapped around the core and carries 

a current of 2 A. If the permeability of the cast iron is 

2.26 x 10“, calculate: 

a. The reluctance of the cast iron toroid. 

b. The flux set up in the toroid. 

c. The new value of the current required to maintain the 
same flux level if a 5-mm air gap is cut in the toroid, 
as shown in Fig. 11-25. 


Solution 


a. The toroid has the same dimensions as in Example 
11-1: 
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Cross sectional 
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FIGURE 11-25 


Magnetic circuit with airgap for Example 11-4. 


Mean length of the magnetic circuit, 7 = 0.377 m 
Cross-sectional area of core, A = a X 10°* m? 


ne 11-9 
uA (11-9) 
2 0.377 m 
~ 2.26 x 10°* Wb/At-m x m x 1074 m? 
= 5.31 x 10° At/Wb 
F 
b @=— 11-8 
ae (11-8) 


400 turns xX 2A 


= SOC 7 x —4w 
5.31 x 10° At/Wb bee a P 


c. There will be an additional mmf required to set up 
this flux in the air gap given by 
Fm = ®Rn 


where A, is the reluctance of the air gap 


Aa uA (11-9) 
_ 5 x 10°°m 
~ Aq x 10°77 Wb/At-m x a x 1074 m? 
= 1.27 x 10’ At/Wb 
F,, = OA, 
= 1.5 x 10°*Wb x 1.27 x 10’ At/Wb 
= 1.9 x 10° At 


The total ampere turns required for the cast iron 
and the air gap is 


F,, (total) = F,, (cast iron) + F,, (air gap) 
800 At + 1900 At 


= 2700 At 
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Therefore, N/ total = 2700 At 
_ 2700 At 
~ 400t 





and = 6.75 A 





Note in Example 11-4 the very large increase in current 
required due to the air gap. Even though the length of the 
air gap is very small (5 mm), its permeability is very low 
and its reluctance is very high. It should be observed that 
an air gap of this size represents the practical clearance 
required in such magnetic circuits as dc motors and loud- 
speakers. The circuit in Example 11-4c is a series mag- 
netic circuit, whereas the dc motor is actually an example 
of a series-parallel magnetic circuit. Also, because of the 
nonlinear relationship between B and H, the permeability 
of a material is not constant. The solution of magnetic flux 
in such circuits involves graphical methods as shown in 
Section 11-15. 


11-15 NONLINEAR MAGNETIC 
CIRCUITS* 


Since the B-H curve for a magnetic material is not linear, 
the material’s permeability is not constant. Thus, any 
problem involving a magnetic material for which the 
permeability is not given must include a B-H curve for that 
material. Typical curves for cast iron, cast steel, and sheet 
steel are shown in Fig. 11-26. 

If the B value is known for one of these materials, the 
graph allows you to find the corresponding H value, and 
vice-versa. From this information, the permeability (w) 
may be obtained. However, it is possible to solve the 
problem using H directly, as shown in Example 11-5. 


EXAMPLE 11-5 


The core of a transformer is to be built from sheet steel 
with the dimensions shown in Fig. 11-27. If a 600-turn 
coil is to provide a flux of 5.2 x 10 °* Wb in the core, 
calculate the current required. 

Solution 


Cross-sectional area of the core, 


A = 2cm X 2cm = 4cm? = 4 x 10° 4m? 


*This section may be omitted with no loss of continuity. 
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FIGURE 11-26 
Typical magnetization curves. 


Flux density required, 


® 
B=-— 
A 

_ 5.2 x 107* Wb 


4 x 10-4 m? 


(11-1) 
= 13T 
From the B-H curve for sheet steel in Fig. 11-26, 
forB = 1.3 T, H = 800 At/m 


Average length of magnetic core, 


l= 4x 6cm = 24cm = 0.24m 


- (11-3) 


Therefore, N/ = H x 1 
= 800 Al x 0.24 m 
m 


= 192 At 
NI 
N 
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Sheet steel core 






4cm 8 cm 
(square) (square) 


© 
600-turn coil 


l= 4x 6cm lengths 


FIGURE 11-27 
Magnetic core for Example 11-5. 





_ 192 At 
~ 600t 
= 0.32 A = 320 mA 





Note that it would have been possible to determine 
the magnetic circuit’s permeability after determining H 
(uw = B/A). 

Then, the circuit’s reluctance (R,, = 1/y:A) could have 
been found, from which the magnetomotive force could 
have been calculated (VJ = OR,,). However, the method 
indicated clearly shows the meaning of magnetizing inten- 
sity (H). That is, multiplying the required ampere-turns per 
meter by the actual length in meters provides directly the 
necessary ampere-turns. 





EXAMPLE 11-6 


Assuming the core shown in Fig. 11-27 is cast iron, with 
a current of 1.12 A in the 600-turn coil, determine the flux 
in the core. 


Solution 


Magnetomotive force applied, 


F, = NI 
= 600 T x 1.12 A = 672 At 


(11-2) 


Magnetizing intensity in the core, 


H = ~ (11-3) 
672 At 


acta 2800 At/m 
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From the B-H curve for cast iron in Fig. 11-26, 
for H = 2800 At/m, B=0.6T 
But B = ®/A. Therefore, 
®=BxA 
= 0.6~ 3 x 4x 10-* m 


= 2.4 x 10°* Wb 





As a final example of nonlinear magnetic circuits, con- 
sider a series circuit involving two different materials. The 
diagram in Fig. 11-28 could be a representation of a mag- 
netic relay in the energized condition, with the upper por- 
tion representing the armature in the closed position. The 
electromagnet portion is made of cast steel; the rest of the 
magnetic circuit consists of sheet steel. 





EXAMPLE 11-7 


How many turns must there be in the coil in Fig. 11-28 if 
a flux of 0.7 x 10° * Wb is required throughout the mag- 
netic circuit and a current of 100 mA is necessary to hold 
the armature of the relay in the closed position. 


Solution 
Cross-sectional area for cast steel, 
Acs. = 10m X 1cm = 1cm? = 1 x 10°* m* 
Cross-sectional area for sheet steel, 
Ass. = 10m x 0.5cm = 0.5 cm? = 0.5 x 10°* m* 


Flux density for cast steel, 


Sheet steel 





FIGURE 11-28 
Series magnetic circuit for Example 11-7. 
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Bos. = 2 (11-1) 
7 Oo i joe _o7T 
Flux density for sheet steel, 
Bs. = . (11-1) 
= OL 1OW  a 


From the B-H curve for cast steel, Fig. 11-26, 

H.s5. = 400 At/m 
and for sheet steel, 

H,;. = 1100 At/m 
Path length for cast steel, 

los = 3.50m = 3.5 x 10°27 m 
and for sheet steel, 
leo, = 105 tm = 10.5 « 10°* m 

Therefore, since H = NI/l (11-3) 


Nes. = Hes: X les. 
= son x 3.5 x 10°? m 
m 
= 14At 
Nlg.s. = Figs, X Iss. 
= 1100 ~ x 10.5 x 1072 m 
= 115.5 At 
Nhiotai = Nlq.s. a Nls.s. 
= 14+ 115.5 At = 129.5 At 


Therefore, 


hota 
/ 
_ 129.5 At 
~ 100 x 10-2 A 


At = 


= 1295 turns 


Note that in a series magnetic circuit, the flux is the 
same everywhere, just as in a series electrical circuit, the 
current is the same everywhere. However, if the areas 
through which the magnetic flux passes are different (as in 
Example 11-7), there will be different flux densities. 

Table 11-1 summarizes the equations and magnetic 
quantities used in this chapter. Other applications of mag- 
netic circuits will be covered in Chapter 12. 
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TABLE 11-1 
Summary of Magnetic Quantities 





Symbol or 
ele TA tay Equation 
Flux @ weber (Wb) 
Flux density = : Wb/m* or tesla (T) 
Magnetomotive force F,, = NI ampere-turn (At) 
Magnetizing intensity = ~ ampere-turn per meter (At/m) 
Permeability = = weber/At-m (we) 
Permeability of free bo = 4a x 10 ” weber/At-m (.) 


space (vacuum) 


Relative permeability br = = none, dimensionless number 
(9) 
Reluctance Rn = 7 ampere-turn per weber (At/Wb) 
Fin  NIpA 
Ohm's law @®=—= To weber (Wb) 
m zi 
SUMMARY 


1. Common ferromagnetic elements are iron, nickel, and cobalt. Most other materi- 
als, such as wood, air, paper, copper, and lead, are nonmagnetic. 

2. The attractive force that a magnet has for a magnetic material is shown graphically 
by lines of magnetic flux. These lines are shown leaving the magnet’s north pole 
and entering its south pole. 

3. Like magnetic poles repel each other; unlike poles attract each other. 

4. A current passing through a wire sets up a magnetic field. The direction of this 
field around the wire can be established by using the right-hand rule: point the 
thumb of the right hand in the direction of conventional current and wrap the 
fingers of that hand around the wire. The fingers point in the direction of the 
magnetic field. 

5. An electromagnet is a coil (helix) of wire wrapped around a core. It develops a 
temporary magnetic field whenever a current flows in the coil. If the fingers of the 
right hand are made to point in the direction of conventional current around the 
coil, the thumb points to the coil’s north pole. 

6. Solenoids, door bells, and door chimes are among the applications of electromag- 
nets. 

7. Arelay is an electromagnetically operated switch. A load can be controlled from 
a remote location by energizing the relay’s coil. 

8. Permeability is an indication of a material’s ability to permit the setting up of a 
magnetic field within it. 
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9. Relative permeability shows how much more permeable a magnetic material is 
than air or other nonmagnetic materials. 

10. A hysteresis loop shows the nonlinear manner in which B (flux density) is related 
to H (magnetizing intensity) for a magnetic material. 

11. Materials used for permanent magnets, such as Alnico and ferrites, have high 
values of retentivity (residual magnetism) and coercivity (demagnetizing force). 

12. To minimize hysteresis losses, materials used for magnetic circuits involving an 
alternating magnetizing force should have a B-H curve with a small area. 

13. Hysteresis losses are caused by the continuous reversal of magnetic domains in a 
material. A domain is a group of a large number of molecules having an overall 
magnetic effect like a tiny bar magnet. 

14. The demagnetization (degaussing) of a magnetic material can be accomplished by 
continuing vibration or repeated blows, by heating above the Curie temperature, 
or by slow withdrawal from an alternating magnetic field. 

15. A charge moving in a magnetic field experiences a force given by F = gvB. When 
the charge is moving in a wire located in a magnetic field, the force acting on the 
wire is given by F = BI. 

16. The earth’s magnetic field is represented by lines of force leaving a north magnetic 
pole (located near the south geographic pole) and entering a south magnetic pole 
(located near the north geographic pole). 

17. The Hall effect is the generation of an emf across the edges of a conducting strip 
when charges flowing through the strip are deflected by a magnetic field perpen- 
dicular to the current. This effect is used by a gaussmeter to measure flux density. 

18. The force acting on a current-carrying conductor in a magnetic field provides a 
rotating motion in a dc motor and a back-and-forth movement in a loudspeaker. 

19. Direct current motors may be of the shunt (constant speed) type, the series (high 
starting torque) type, or the compound type, which has both series and shunt 
fields. 

20. B and H have a nonlinear relationship in magnetic materials. Since permeability 
is not constant, a graphical approach aids in solving problems that involve perme- 
ability. 


SELF-EXAMINATION 


Answer true or false 
(Answers at back of book) 
11-1. Nickel and cobalt are ferromagnetic materials with a high permeability. 


11-2. Magnetic lines of flux indicate the paths followed by electrons from a north 
pole to a south pole. 

11-3. The end of a compass that points to the earth’s magnetic north pole will be 
attracted to a magnet’s south pole. 

11-4. Like poles attract; unlike poles repel. 

11-5. A nail is attracted to a magnet because it becomes a temporary magnet of the 
opposite polarity by induction. 

11-6. Oersted discovered that a current flowing in a wire affected a compass placed 
near the wire. 
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11-7. An electromagnet is a temporary magnet, most of whose magnetism can be 
removed simply by turning off the current through the coil. 

11-8. There are two right-hand rules, one for determining the direction of magnetic 
flux around a current-carrying wire and another to determine the direction of 
flux set up in an electromagnet. 

11-9. A door chime operates in essentially the same way as a doorbell. 

11-10. A relay is a magnetically operated switch that can only be operated on dc. 


11-11. Relays can be used to open contacts as well as close contacts on the same relay 
at the same time. 

11-12. The unit of flux density is the weber. 

11-13. A total flux of 2 x 10° Wb uniformly distributed over an area of 5 x 10-° 
m* is a flux density of 0.4 T. ____ 

11-14. A current of 0.3 A passing through a coil of 500 turns wrapped on a magnetic 
core of length 10 cm provides a magnetomotive force of 150 At and a mag- 
netizing intensity of 1500 At/m. 

11-15. If the core in Question 11-14 has a flux density of 0.15 T, the core’s permea- 
bility is 1 X 10° Wb/At m, —_____ 

11-16. The relative permeability of the core in Question 11-15 is 250/7. 

11-17. A hysteresis curve results because of the magnetizing intensity H lagging be- 
hind the flux density B. 

11-18. All materials, whether magnetic or nonmagnetic, have their own hysteresis 
loop. ——___ 

11-19. The magnetic effect of certain materials is believed to be due to tiny clusters 
of molecules, called domains, that act collectively in their magnetic effect. 


11-20. Hysteresis losses are due to a dissipation of energy in making the domains 
switch their alignment back and forth when under the influence of an alternat- 
ing magnetizing force. 

11-21. A material used for magnetic core storage should have as thin a B-H loop as 
possible whereas a material used in a transformer should ideally have a square 
B-H loop. ——_— 

11-22. Raising a magnetic material above its Curie temperature is just one of the ways 
of degaussing a magnet. 

11-23. A degaussing coil is used with an ac current to cycle a material through suc- 
cessively smaller hysteresis loops and to eventually reduce the residual mag- 
netism to zero. 

11-24. One gauss is the CGS unit of flux. _____ 

11-25. It is possible for a charge to move perpendicular to a magnetic field and not 
experience a force. 

11-26. The force acting on a current-carrying conductor depends only on the field 
strength, current, and length of conductor. 

11-27. The Hall effect depends upon the deflection of charge moving perpendicular to 
a magnetic field to develop a small emf. 

11-28. Direct current motors use graphite brushes to conduct current through the com- 
mutator to the conductors set in slots in the armature. 

11-29. Shunt motors have field windings in series with the armature to develop a high 
starting torque. 

11-30. The flux set up by a magnetomotive force of 500 At applied to a magnetic 
circuit having a reluctance of 1 x 10° At/Wb is 5 x 10°* Wb. 
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REVIEW QUESTIONS 


Name three magnetic materials and four nonmagnetic metals. 

What do the directions of the lines of force around a magnet indicate? 

What is magnetic induction? 

Explain why a nail can be picked up using either end of a permanent magnet. 

What does it mean to say that iron is more permeable than copper? 

Describe how you would determine the magnetic polarity of an unmarked magnet 

using a compass. 

7. What effect did Oersted discover? 

8. How does the right-hand rule for coils differ from the right-hand rule for a single 
wire? 

9. Name four applications of electromagnets. 

10. Why does a doorbell provide a continuous vibrating action when a door chime 
does not? 

11. Draw two different symbols for a relay that has two sets of normally open and 
normally closed contacts. 

12. Draw a relay circuit that uses an SPST switch to connect 6 V to a 6-V form C 
relay. When the switch is open, one 120-V, 100-W lamp is lit. When the switch 
is closed, the 100-W lamp goes off and a 120-V, 60-W lamp comes on. 

13. a. If the core in Fig. 11-12 is of a very high permeability, how much magnetic 

flux would you expect to find in the circular region of the hole of the dough- 

nut and also immediately outside the core? 


Serer > 


b. Why? 
c. Would this be different if the core were made of wood? 
d. How? 


14. Distinguish between magnetomotive force and magnetizing intensity. 

15. On the hysteresis loop of Fig. 11-13a, sketch a graph showing how the permea- 
bility varies with H. 

16. In what units are retentivity and coercivity measured? What are typical values for 
a good permanent magnet? 

17. a. Explain in your own words why a material having a narrow B-H loop is 

desirable for ac applications. 
b. Explain how the magnetic domain theory supports your answer. 

18. Explain how a ferrite core with a square B-H loop can be used to store digital 
information. 

19. a. What are the three methods of demagnetization? 

b. Describe the most practical method of demagnetization as applied to degauss- 
ing a carbon steel drill bit. 

20. a. What is the operating principle behind a gaussmeter? 

b. How can this be used to distinguish between N-type and P-type semiconduc- 
tors? 

21. Assuming that the electron beam of an oscilloscope is sufficiently deflected by the 
earth’s magnetic field to be visible, describe how you would determine the direc- 
tion of the earth’s magnetic field. 

22. Describe how a high-fidelity loudspeaker converts audio current variations to 
sound waves. 

23. Explain why a dc motor may be reversed, simply by reversing the applied emf if 
the motor employs permanent magnets for the field, but not if field windings are 
used for the stator. 


PROBLEMS 


24. Draw a diagram showing how a DPDT switch can be used to reverse the direction 
of rotation of a series motor. 


PROBLEMS 


(Answers to odd-numbered problems at back of book) 

11-1. A flux of 1.8 x 10° ° Wb is uniformly distributed over a rectangular path of 
5cm X 6cm. What is the flux density? 

11-2. For the flux distribution in Problem 11-1, how much flux passes through a 2- 
cm-diameter circle? 

11-3. The flux density at the pole of a horseshoe magnet is 0.8 T. How much flux 
passes between the two poles if each pole face is 2cm Xx 1 cm? 

11-4. If the flux between the two poles in Problem 11-3 is concentrated into a 1-cm 
x 1-cm region, what is the flux density in this region? 

11-5. How much current must flow through a 350-turn coil of wire to provide a mmf 
of 850 At? 

11-6. How many turns of wire are needed to provide a mmf of 150 At if the current 
to be used is 250 mA? 

11-7. If the length of the magnetic circuit in Problem 11-5 is 40 cm, what is the 
magnetizing intensity? 

11-8. How many At are necessary to provide a magnetizing intensity of 2000 At/m 
in a magnetic circuit of length 60 cm? 

11-9. A cast steel toroid (as in Fig. 11-12) has an inside radius of 6 cm and an 
outside radius of 8 cm with a square cross section. A coil of 300 turns carrying 
2.5 A is wrapped around the core. A flux of 5.4 xX 10~* Wb is set up inside 
the core. Calculate: 
a. The flux density. d. The permeability of the core. 
b. The magnetomotive force. e. The relative permeability of the core. 
c. The magnetizing intensity. 

11-10. Repeat Problem 11-9 assuming a circular cross-sectional core. 

11-11. If a 2-mm air gap is cut into the toroid of Problem 11-9, calculate the new 
current required to maintain the flux in the core at its initial level. 

11-12. Repeat Problem 11-11 using a 3-mm air gap assuming a circular cross-sec- 
tional core. 

11-13. A cast steel toroid (as in Fig. 11-12) has an inside diameter of 10 cm and an 
outside diameter of 15 cm with a circular cross section. A coil of 200 turns 
carrying a current of 750 mA is wrapped around the core. If the permeability 
of the cast steel is 7.5 X 10 * Wb/At-m, calculate: 

a. The reluctance of the cast steel toroid. 
b. The flux set up in the toroid. 

11-14. Repeat Problem 11-13 assuming a square cross-sectional core. 

11-15. A dc motor has five turns of wire located in a single slot directly under a pole 
whose field strength is 0.5 T. The length of the armature is 30 cm and the 
current in each wire is 5 A. 

a. Calculate the total force acting on the conductors in this one slot. 

b. If current flows in the opposite direction in five turns of wire, located in a 
single slot on the opposite side of the armature (under the opposite field 
pole), calculate the torque if the diameter of the armature is 15 cm. 
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11-16. The electrons in an oscilloscope are accelerated through a potential difference 
of 2 kV reaching a velocity of 3 x 10’ m/s (one-tenth the speed of light). 
Assuming that the beam is placed in an east-west direction perpendicular to the 
earth’s magnetic field, which has a horizontal component of 0.17 G and a 
downward vertical component of 0.55 G, calculate the magnitude and direction 
of the two forces acting on a single electron. Indicate the resultant direction in 
which the beam should be deflected if it is moving from east to west. 

11-17. A dc shunt motor is operating from a 120-V source. The resistance of the field 
winding is 240 Q and the resistance of the armature is 2 (2. When the motor 
is running, the total current drawn is 3.5 A. Calculate: 

a. The field current. 

b. The armature current. 

c. The voltage drop due to the armature resistance. 

d. The amount of back emf generated within the 
armature. 


e. The total J’R power lost in the field windings and armature. 
f. The total power input to the motor. 
g. The output power from the motor in watts and horsepower if 60 W are 


lost in friction and windage. 

h. The efficiency of the motor. 
11-18. Given the magnetic core in Fig. 11-29, determine the number of turns required 
on the coil if a current of 0.5 A is to provide a flux in the core of 4 x 1074 









Wb. 
ao Sheet steel core 
a 
meee 8 cm (Square) 
FIGURE 11-29 a 


Magnetic core for Problems 11-18 through 11-24. 


11-19. Repeat Problem 11-18, assuming that cast steel is used instead of sheet steel. 

11-20. Find the permeability and relative permeability of the sheet steel in Problem 
11-18. 

11-21. Given the magnetic core in Fig. 11-29 with a 500-turn coil carrying 1.5 A, 
determine the flux in the core. 

11-22. A 3-mm air gap is cut through the magnetic core in Fig. 11-29. Determine the 
number of turns required on the coil if a current of 0.5 A is to provide a flux 
of 4 x 10°* Wb. Compare your answer with the answer for Problem 11-18 
and comment. 

11-23. Repeat Problem 11-22, assuming a cast steel core. Compare with Problem 
11-19. 

11-24. A 4-mm air gap is cut through the magnetic core in Fig. 11-29. If the coil has 
500 turns and carries 1.5 A, determine the flux in the core. (Hint: Assume a 
flux and see if the total mmf required for the sheet steel and air gap equals the 
amount available. ) 


PROBLEMS 


11-25. 


11-26. 


11-27. 


11-28. 


FIGURE 11-30 
Series magnetic circuit for Problems 11-26 through 


11-28. 


Refer to Example 11-7 and determine how many more turns will be needed on 
the coil if a 1-mm air gap exists between the cast steel and sheet steel at both 
ends of the cast steel core. 

Given the magnetic circuit in Fig. 11-30, determine how many turns are re- 
quired if a current of 50 mA is needed to operate the relay. Assume that a flux 
of 0.4 x 10° * Wb is necessary and that cast iron is used in place of cast steel. 
What current is required through a 1000-turn coil wrapped around the cast steel 
core in Fig. 11-30 to produce a flux of 0.4 x 10° * Wb if the sheet steel is 
replaced by cast iron? 

The series circuit in Fig. 11-30 has a coil of 1600 turns carrying a current of 
100 mA. Determine the flux in the core. (Hint: Use a trial and error method 
by assuming a flux and checking to see if the required mmf is available.) 


Sheet steel 








0.5 cm thick 
sheet steel 
throughout 


Cast steel 
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Most analogue (nondigital) electrical instruments, such as 
ammeters and voltmeters, use a basic meter movement to provide 
deflection of a pointer. This meter movement depends upon the 
force exerted on a current-carrying conductor located in a 
magnetic field. Such a meter movement (in an ammeter) would 
cause full-scale deflection with only a few microamperes of current 
through it. However, the range can be extended to allow 
measurement of much higher values (amperes) by the use of 
parallel-connected resistors, called shunts. If resistors (called 
voltmeter multipliers) are connected in series with the movement, 
the result is a voltmeter capable of any desired range. 


An ideal ammeter would have zero internal resistance; an ideal 
voltmeter, infinite internal resistance. Practical meters, because of 
the way they are constructed, have finite resistance. Inevitably, 
they have some effect on the circuit they are measuring. If this 
effect is noticeable, it is called /Joading. In this chapter, you will 
learn about ammeter and voltmeter loading, and the percentage 
error of these meters due to what are called full-scale deflection 
(FSD) accuracies. 


Se Se es ee a a a ee 


THE D’ARSONVAL OR PMMC METER MOVEMENT 


THE D’ARSONVAL OR PMMC 
METER MOVEMENT 


12-1 


The most widely used instrument for dc measurement 
makes use of a permanent-magnet, moving-coil (PMMC) 
movement. It is sometimes referred to as a D’Arsonval 
movement, after the man who first patented a device based 
on the moving-coil principle. The movement used in mod- 
ern PMMC meters is also referred to as a Weston move- 
ment, since Edward Weston was primarily responsible for 
converting the delicate D’Arsonval meter into a rugged 
portable instrument. 

As the name implies, the PMMC movement consists of 
a rectangular movable coil suspended in a strong magnetic 
field provided by a permanent magnet. (See Fig. 12-1.) 
Spiral hairsprings of phosphor-bronze lead the current to 
and from the coil, as well as providing a restoring torque. 
When current flows through the coil, a force acts on its 
two vertical sides to cause a turning motion (torque). As 
the pointer attached to the coil is deflected upscale, the 
hairsprings tighten and resist the motion. The pointer 
comes to rest when the applied torque (caused by current 
through the coil) is balanced by the tightened hairsprings. 
When the current is removed, the springs return (restore) 
the coil and its attached pointer to the zero position. Pro- 
vision is made for mechanical adjustment (zeroing) of the 
pointer from the outside of the meter by turning a small 


Soft iron 
cylindrical 
core 


Soft iron 
pole pieces 






) Spiral hairspring 
Moving coil © Coil connection 


(upper) 


(a) PMMC movement 
FIGURE 12-1 
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screw. This screw is indirectly connected to the hairspring 
of the meter movement. 

It can be shown from the previous chapter that the 
torque acting on the movable coil is given by: 


T = NBIAsina newton-meters (12-1) 


where: T is the torque acting on the coil in newton-meters 

(N-m) 

N is the number of turns in the coil 

B is the flux density of the permanent magnet in 
webers/m” (Wb/m7’) 

I is the current in the movable coil in amperes (A) 

A is the area of the coil in square meters (m’) 

a is the angle between the pointer and the magnetic 
field (B) 

This equation (not to be used here for calculations) 
shows that torque is related in a linear manner to the coil 
current if N, B, A, and sina are all constant. B and a are 
kept constant by using curved pole pieces and the soft iron 
cylindrical core. These ensure a constant radial magnetic 
field in the air gap where the coil moves. (See Fig. 12-2.) 
Thus a = 90° and sina = 1, no matter where the coil is 
located as it rotates. For this reason, dc ammeters and 
voltmeters have linear scales—showing equal divisions for 
equal current increments. Doubling the current doubles the 
deflection, and so on. 

The PMMC meter movement is polarity-sensitive. If 





5 Coil 
terminal 
Y), bearing 


(b) Cross-section through magnet, core and coil 


The D’Arsonval or permanent-magnet, moving-coil movement. 
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FIGURE 12-2 

Detail of radial field in air gap for movable coil of a 

D’Arsonval or Weston meter movement. 


current is allowed to flow through the meter in the opposite 
direction, deflection of the pointer is reversed (down scale) 
and the meter may be damaged. 

A modification of the horseshoe magnet shown in Fig. 
12-1 is the concentric magnet. This type has a complete 
outer ring of soft steel that makes possible an expanded 
scale covering 240° in a very compact space. Even more 
important, the outer ring provides magnetic shielding from 
external fields (such as a large current-carrying conductor) 
that could affect meter readings. 


12-1.1 Current Sensitivities 


The current sensitivity of a meter movement is the amount 
of current through the coil that will cause full-scale deflec- 
tion (FSD). To make a very sensitive movement (for ex- 
ample, Igsp = 50 pA), a very strong magnetic field B, 
and a large number of turns N, on the coil are desirable 
(See Eq. 12-1). A large number of turns increases the re- 
sistance and the weight of the coil, however, so a design 
compromise is usually necessary. Table 12-1 shows the 
typical resistance of one manufacturer’s meter movements 
and ammeters. Note that meter resistance decreases as 
full-scale deflection current increases. Other movements 
may be slightly lower in resistance or (in some cases) as 
much as seven times higher. 


12-2 AMMETER SHUNTS 


To extend the range of a basic meter movement and 
make it possible to measure currents larger than the 
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Ammeter 





FIGURE 12-3 
Basic ammeter shunt circuit. 


full-scale deflection current, parallel resistors called 
shunts are used to direct most of the current being 
measured away from the meter movement. Design of 
the ammeter is based on full-scale deflection currents for 
the meter movement and the ammeter as a whole. 

As shown in Fig. 12-3, J; is the total current into the 
ammeter that causes full-scale deflection. This is the range 
of the ammeter. Current J; divides up, with current J,, 
going through the meter movement (R,,) and current /, 
going through the shunt resistor (R,). By Kirchhoff’s cur- 
rent law: 


I; — des i I, 
And by Ohm’s law, the voltage across the meter is given by 


Vin = InRm = [sRs 


Thus ae ae = alin (12-1) 


Ss 


where: R, is the shunt resistance in ohms (Q)) 


TABLE 12-1 
Typical Resistances of Meter Movements and 
Ammeters 


Approximate Movement 
Resistance, R,,, Ohms 


Range, Irsp 





50 pA 3000 
100 pA 2000 
200 pA 600 
1mA 20 
10 mA 5 
50 mA | 
1A 0.05 
10A 0.005 


MULTIRANGE AMMETERS 


R,, 18 the meter movement resistance in ohms ((2) 

I, 1s the FSD current of the meter movement in 
amperes (A) 

I, is the shunt current, equal to /; — J,,, in amperes 
(A) 


EXAMPLE 12-1 


Given a 50-~A meter movement of resistance AR,, = 3 

kQ, calculate: 

a. The value of shunt resistance to make a 1-mA range 
meter. 

b. The voltage drop across the meter at full-scale de- 


flection. 
c. The total resistance of the meter. 


Solution 


Refer to Fig. 12-4a. 

a. |, = Ir — Im 

1 mA — 50 pA 

= 1000 pA — 50 pA = 950 pA 


(12-1) 


I 
GO 
x 
=) 





3000 © x5 = 158 O 


Db. V = 41Fix 
At FSD, V,, = 50 pA X 3 kO = 150 mV 
c. Total meter resistance, 


Vin 
Ir 

_ 150 x 107-8 V 
! 4% 407 A 


(3-1b) 


Rr (3-1) 


= 150 0 


1 mA range meter 





(a) Shunt resistor used to convert 
meter movement to 1-mA range meter 





(b) 1-mA range meter scale marking 
corresponding to 50-wA meter movement 
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Note that this may also be obtained by determining the 
parallel equivalence of 3 kQ and 158 ©. Note also that if 
only 0.5 mA is flowing through the meter, only 25 vA will 
pass through the movement so that it will deflect only to 
half-scale. This point would be marked as 0.5 mA on the 
meter scale, as shown in Fig. 12-4b. 


12-3  MULTIRANGE AMMETERS 


Many ammeters used in the electronics laboratory are mul- 
tirange meters. That is, the current causing full-scale de- 
flection can be selected by a switch to be close to the value 
being measured. This allows larger deflections and more 
accurate measurements. One method commonly used in 
multirange meters consists simply of a range selector 
switch that can be rotated to select the appropriate shunt 
resistor. This is illustrated in Example 12-2. 


EXAMPLE 12-2 


Given a 50pA, 3-kQ meter movement, it is desired to 

construct a multirange milliammeter with ranges of 1 mA, 

10 mA, 100 mA, and 1 A. Calculate: 

a. Appropriate shunt resistor values. 

b. The voltage drop across the meter on each range at 
FSD. 

c. The total resistance of the meter on each range. 


Draw a circuit diagram of the switching arrangement with 
all values. 


Solution 


a. We have already calculated R, for a 1-mA range in 
Example 12-1. 


FIGURE 12-4 
Ammeter shunt circuit 
and scale for Example 
12-1. 
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R, = 158 © 
For 10 mA, /, = 10 mA — 0.05 mA = 9.95 mA. 


Inn 
Rs = Rim X 7 (12-1) 
0.05 mA 
= 30009 x oo- = 15.10 


Similarly, for 100 mA, R, = 1.5 © 
for 1A, R, = 0.15 O 


b. Since, at FSD on each range, there will be 50 pA 
through the 3-kQ movement, the voltage drop on 
each range is given by 


Vs. = ifn (3-1b) 
= 50 pA x 3 kD = 150 mV 
Vin 
c. Total meter resistance, R; = 7 (3-1) 
7 
for1-mA range, A, = 150 © 
150 x 10 °V 
for 10-mA range, R; = 9 40 OA 15 O 
150 x 10°° V 
s = ——_,— = 1. 
for 100-mA range, Rr 100 x 102A 9 Q 
for 1-A range, R; = a = 0.15 


See Fig. 12-5. 





A multirange ammeter of the type designed in Example 
12-2 is shown in Fig. 12-6. Note that it is necessary to 
use a make-before-break rotary switch for current range 
selection. This type of switch ensures that a shunt resistor 
is always part of the circuit, even while switching between 
ranges. If an ordinary switch were used, contact with one 
shunt resistor would be broken before contact was made 
with the next resistor. This would allow all the current to 
briefly flow through the meter movement, causing damage.* 


12-4 AYRTON OR UNIVERSAL SHUNT 


In many multirange meters, an Ayrton shunt is used in- 
stead of a make-before-break switch. This type of shunt 


*Many milliammeters protect the meter movement by using a pair of 
breakdown diodes connected directly across it. Then, if the meter is set 
on too low a range for the circuit being checked, much of the current is 
diverted through one of the diodes. When the range setting is correct, 
however, the diodes have no effect because there is not enough voltage 
across the movement to make them conduct. 
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FIGURE 12-5 
Multirange ammeter shunt circuit for Example 12-2. 


(also known as a universal shunt) has the advantage of 
using resistors that are closer to standard values. This was 
not the case in Example 12-2, where accurate values of 
158 Q and 15.1 ( were required. 

Example 12-3 illustrates the method of selecting resis- 
tors for an Ayrton shunt. All that is necessary is the appli- 
cation of series-parallel circuit theory. No special equa- 
tions are involved. 





FIGURE 12-6 

Typical analogue multirange dc milliammeter. 
(Courtesy of Hickok Teaching Systems, Inc., 
Woburn, Mass.) 


AYRTON OR UNIVERSAL SHUNT 





EXAMPLE 12-3 


Given a 50-yA, 3-kQ meter movement, determine the 
values of R;, Re, and Rg in Figure 12-7 to design an Ayr- 
ton shunt with ranges of 100 A, 1 mA, and 10 mA. 


Solution 


100 A range; Fig. 12-7a: 

The total shunt resistance equals RAR; + Re + Rez and 
must carry 50 pA. In order for the current to divide 
equally, the resistance of the two paths must be equal, so 


R, + Ro + Rg = Ry = 3kO 


1-mA range; Fig. 12-76: 

R, is now in series with A,,, with Ro + Rz shunting these 
two. 

The voltage across the meter movement and A, must 
equal the voltage across the shunt (R2 + As). 


Range selector 
switch 





(6) 1-mA range 
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Therefore, /,, (Ri + Rm) = I, (Ro + Rs) 
0.05 mA (R; + F,,) = 0.95 mA (Re + Rs) 


Thus 0.05 mA (R; + 3 kQ) = 0.95 mA (3 kX — Rj) 
0.95 mA 


R, + 3kQ = 0.05 mA °° — Fi) 
Therefore, R, + 3kQO = 19 (8 kO — A) 
20 R, = 54 kQO 
R, = 2.7kQ 


10-mA range; Fig. 12-7c: 
R, + Roe are now in series with A,,, with Rg shunting all 
three. 


But A; = 2.7 kO, AR, = 3 kO, and Re + R3z = 3000 = 
0.3 kQ, SO Rs = 0.3 kQ, — Ro. 






FIGURE 12-7 
Ayrton shunt 
multirange 
milliammeter for 
Example 12-3. 


(c) 10-mA range 


240 


Thus 0.05 mA (2.7 kQO + Re + 3 kQ) 


9.95 mA(0.3 kQ — Ro) 
solving, Ro = 0.27 kX = 270 @ 
and Rs = 3000 — 2700 = 300 





It can be shown that, in general, the total resistance of 
a meter using an Ayrton shunt will be slightly higher (on 
any given range) than that of a multirange ammeter using 
the multishunt arrangement. Another disadvantage of the 
Ayrton shunt is that if one of the shunt resistors changes 
value or opens up, all ranges are affected. This is not the 
case for the multishunt ammeter. 


12-5 ACCURACY AND ERRORS 


If a multirange ammeter is being used, which range should 
be selected for maximum accuracy? This can be answered 
by realizing that some errors are inherent in the meter and 
some are due to the operator. Some of the operator errors 
are as follows: 


1. Imprecise interpolation between scale markings when 
the pointer falls between two main divisions. 

2. Line-of-sight errors caused by the operator’s eye not 
being perpendicular to the pointer and scale 
(parallax). Some meters have a mirrored scale, 
making it possible to line up the pointer with its 
reflected image to avoid this problem. 

3. Failure to check the mechanical zero before using the 
instrument. 


Other errors that have a similar effect on accuracy are 
due to the manufacture or use of the instrument: 


1. A scale error, due to markings not being in exactly 
the correct place. Mass-produced scales may not fit 
the actual characteristics of the meter movement. 
(The instrument needs individual calibration.) 

2. Anerror caused by frictional effects (due to constant 
use or misuse of the instrument) that prevents the 
pivot from swinging freely to its proper location. 
(This error can be minimized by making it a practice 
to gently tap the meter case before taking a reading.) 


All the above errors are constant amounts, independent 
of the deflection of the pointer across the scale. There are 
other errors that are proportional to the deflection of the 
pointer. They include: 


1. Inexact resistances for shunts or multipliers in 
ammeters or voltmeters. 
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2. Temperature effects on the resistance values in (1) 
and on the movement coil resistance, as well as the 
flexibility of springs. 


The errors due to the last two effects are relatively 
small compared to the errors that are constant. Thus, the 
total error (due to all effects combined) is a relatively con- 
stant amount at different points on the scale, rather than a 
percentage of the reading that is being taken. This error is 
usually expressed by the manufacturer as a percentage of 
the range or full-scale reading. For example, if a meter is 
quoted as having an accuracy of +3%, it means that the 
error at any point of the scale will not exceed 3% of the 
full-scale reading. Such a percentage accuracy may be 
very poor for a reading taken on the lower part of the 
scale. This is illustrated in Example 12-4. 


EXAMPLE 12-4 


A 10-mA range ammeter is guaranteed to have an ac- 
curacy of +3%, FSD. For readings on the scale of 1 mA, 
5 mA, and 10 mA determine: 

a. The possible error in mA. 

b. The range of values for the true current. 

c. The percentage error in each reading. 


Solution 


a. For all three readings 
the error = +3% of 10 mA 


= : 10 mA = +0.3 mA 
= — — + 
100 x +VU.59 Mm 


b. The actual reading may be: 
For 1-mA indication: 


1 + 0.3 mA = 0.7 to 1.3 mA 


For 5-mA indication: 


5 + 0.3 mA = 4.7 to 5.3 mA 
For 10-mA indication: 
10 + 0.3 mA = 9.7 to 10.3 mA 


error 
reading 
For 1-mA reading, % error 


Cc. Percentage error = x 100% 


_ 0.3 mA 
1mA 





x 100% = 30% 


For 5-mA reading, % error 


_ 0.3 mA 
5 mA 





<x 100% = 6% 
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For 10-mA reading, % error 


_ 0.3 mA 


of — 20 
10 mA x 100% 3% 





Thus percentage error due to FSD errors can be mini- 
mized by selecting a range that gives as close to full-scale 
deflection as possible. 


12-6 AMMETER LOADING 


When an instrument is used for measurement, it is ex- 
pected that application of the instrument to the circuit will 
not change conditions in that circuit. 

Since an ammeter is connected in series in a circuit, the 
perfect or ideal instrument would have zero resistance. 
This would prevent its presence from affecting the circuit 
under any conditions. But in practice, an ammeter does 
have some internal resistance. If the ammeter’s resistance 
is in any way comparable to the circuit resistance, there is 
a problem of loading, as shown by Example 12-5. 





EXAMPLE 12-5 


A technician, attempting to determine current in a circuit 

using Ohm’s law, measures the voltage across a 1.2-kQ, 

resistor and finds it to be exactly 1 V. Not being sure that 

the resistor is actually 1.2 kQ, he decides to measure the 

current by inserting a VOM on the 1-mA range in series 

with the resistor. If the VOM’s resistance is 1 kO (typical 

for many VOMs), calculate: 

a. The actual current in the circuit assuming that the 
resistor is exactly 1.2 kQ. 

b. The indication of the meter on the 1-mA range. 

c. The indication of the meter if it is switched to the 10- 
mA range where its resistance is 100 0. 

d. The effect of FSD errors on-the 10-mA range read- 
ing, assuming an accuracy of +3%. 





Solution 
V 
. f= - 
a BR (3-1a) 
iV 
-“ToKRMQ 0.83 mA 
V 
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1V 
_-_—__!'“ __ 945 ma 
koudia 
V 
C. ian? 
Ly = 0.77 mA 


~~ 1.2kO + 0.1 kO 

d. It is evident that the higher range (10 mA) with its 

much lower resistance (100 ©) has reduced loading 

error compared with the 1-kQ, 1-mA range meter. 

However, the 0.77 mA will cause such a small de- 

flection on the 10-mA range that it will be difficult to 
read accurately. 


+ 
=e x 10mA = +0.3 mA 


FSD error = 100 


Thus the 10-mA ammeter could indicate anything 
between 0.47 and 1.07 mA. On the 1-mA range, 


2S 4 iA = £003.mA 


FSD error = 100 


Thus the 1-mA ammeter could indicate anything be- 
tween 0.42 and 0.48 mA. The range of values on the 
10-mA scale at least includes the values of 0.77 mA 
and 0.83 mA whereas the 1-mA scale could never 
read higher than 0.48 mA. Put another way, on the 
10-mA range the readings could be from 43% low to 
29% high compared with the true value of 0.83 mA. 
On the 1-mA range, the readings could be from 42% 
low to 49% low compared with the true value of 0.83 
mA. 





Conclusion: Where loading is a problem, switching 
to the next higher range will reduce the effect of the 
loading. However, the increase in FSD errors may re- 
move much of the increased accuracy. 


12-6.1 Clamp-On Ammeter 


A meter that causes no loading because it is not connected 
in series with the circuit is the clamp-around probe or 
clamp-on ammeter shown in Fig. 12-8. 

There is no need to break the circuit, since the jaws 
open to clamp around the insulated wire in which the cur- 
rent is flowing. The current in the wire (ac or dc) sets up 
a magnetic field with a strength that is proportional to the 
current. The instrument accurately concentrates this field 
in a magnetic core surrounding the jaws. A Hall-effect 
generator (Section 11-11) is mounted in the air gap in the 
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FIGURE 12-8 

Clamp-around ammeter probe or “current gun” that 
measures alternating and direct current (Courtesy F. 
W. Bell Inc.) 


core. The Hall emf generated is directly proportional to the 
current in the conductor. 

A dc-coupled linear operational amplifier (powered by 
four AA cells) drives a three-and-a-half digit LCD readout 
located in the instrument’s handle. The “‘current gun,’’ as 
this meter is sometimes called, has a range of +200 A 
from dc to 1 kHz with a resolution of 0.1 A. 

Currents of less than 1 A can be read with reasonable 
accuracy by looping several turns of the conductor through 
the jaws. This effectively ‘‘multiplies’’ the current. 


12-7 VOLTMETER MULTIPLIERS 


As you have seen, the 50-wA, 3-kQ meter movement re- 
quires a voltage of only 150 mV across it to cause full- 
scale deflection. In other words, the movement may only 
be used to measure voltages up to a maximum of 150 mV. 
To extend the range to higher voltages, it is necessary 
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to use a resistor in series with the meter movement. 
Such a resistor is called a voltmeter multiplier. 

Whenever the voltmeter is connected across its rated 
voltage, the multiplier limits the current to the full-scale 
deflection value of the meter movement. The method used 
to determine the required series resistor (multiplier resis- 
tor) for a given voltage range involves simple series circuit 
theory. (See Fig. 12-9.) 

As was the case with the ammeter, the design is based 
on full-scale deflection values. 


Total voltmeter resistance, 


voltmeter range 


i ee 
" ~~ FSD current of movement 
= XE 
Tesp 
But Rr = R, + Rin 
and R, = Rr — Ry 
V 
Therefore, R, = — Rin ohms (12-2) 
Tesp 
where: R, is the resistance of the voltmeter multiplier in 
ohms (()) 
R,, is the resistance of the meter movement in 
ohms (() 


V7 is the range of the voltmeter in volts (V) 
Ipsp is the meter movement’s full-scale deflection 
current in amperes (A) 


If we let 
1 
—— = .5 (12-3) 
Tsp 
Equation 12-2 can be rewritten as 
R, = S X Range — R,, ohms (12-4) 
_ Voltmeter _ 
vate | Meter ovement 


ho = lesp 





+ ae 


FIGURE 12-9 
Basic voltmeter multiplier circuit. 


MULTIRANGE VOLTMETERS 


5 V de voltmeter 





(a) Connection of voltmeter multiplier to 
convert meter movement to 5-V range voltmeter 


(b) Voltmeter markings corresponding 
to meter movement’s current 
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FIGURE 12-10 

Voltmeter multiplier circuit 
and scale for Example 
12-6. 


Since S is the reciprocal of current, it has units of ohms 
per volt. This is called the voltmeter’s sensitivity, as fur- 
ther explained in Section 12-10. 





EXAMPLE 12-6 


It is required to convert a 50yA, 3-kQ meter movement 

to a voltmeter having a range of 5 V. Calculate: 

a. The total resistance of the meter. 

b. The necessary resistance of the voltmeter multiplier 
using Eqs. 12-2 and 12-4. 


Solution 


Refer to Fig. 12-10a 
a. Total resistance of voltmeter, 


V 
Rr = (3-1) 
he 
5V 
= ~*~ = 100 ka 
50 pA 100 
b. Rs, = a —- Rr (12-2) 
lesp 
= Rr _ Fin 
= 100 kOQ — 3kQ = 97 kD 
1 
or 5 = —— (12-3) 
lesb 
, 
= ap siq = 20 kW 
R, = S x Range — R,, (12-4) 


= 20 kO/V x 5V —- 3kO 
= 100 kOQ — 3 kQ = 97 kO 








Note that if the voltmeter is connected across only 2.5- 
V dc, only 25 pA will flow through the meter. The pointer 
will deflect halfway toward full scale. As shown in Fig. 
12-105, this point will be marked 2.5 V on the voltmeter 
scale. 


12-8 MULTIRANGE VOLTMETERS 


One method of making a multirange voltmeter is to use a 
range selector switch to series-connect the appropriate 
multiplier. (See Example 12-7 and Fig. 12-11.) 


EXAMPLE 12-7 


Convert a 50-yA, 3-kQ meter movement into a multi- 
range voltmeter having ranges of 5 V, 15 V, and 50 V. 


Solution 


For 5-V range, Ry = 100 kQ, R, = 97 kD 











Range 
selector 
switch 


FIGURE 12-11 
Multirange voltmeter circuit using individual 
multipliers for Example 12-7. 






For 15-V range, Rr = ” (3-1) 
15 V 
= 50 pA > 300 kO, 
Rs = Rr — Rm (12-2) 
= 300 kQ — 3kQ = 297 kQO 
For 50-V range, 
R, = S X Range — Ry, (12-4) 


20 kQ/V x 50 V — 3 kO 
= 1MQ — 3kQO = 997 kO 


12-9. SERIES-CONNECTED 
MULTIRANGE VOLTMETER 


Instead of using individual multipliers, each with its own 
nonstandard resistance value, the multipliers can be con- 
nected in series, as in Fig. 12-12. 


EXAMPLE 12-8 


Determine the values of R,, Re, and Rg in Fig. 12-12 to 
convert the 50-yA, 3-kQ movement into a multirange 
voltmeter having ranges of 150 mV, 5 V, 15 V, and 50 V. 


Solution 
1 
>= -—— (12-3) 
lesp 
1 
“50x 107A NY 
On the 5-V range, 
R, = S X range — Rn (12-4) 
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: - : | FIGURE 12-12 


Series-connected multiplier circuit for 
Example 12-8. 


= 20kQ/V x 5V — 3kO 
= 100 kQ — 3kOQ = 97kO 
On the 15-V range, 


R. = S X range — (A, + R;) (12-4) 
= 20 kOQ/V x 15 V — (8 kO + 97 kQ) 
= 300 kQ — 100 kQ = 200 kD 

On the 50-V range, 

R; = S X range — (Ry, + Ri + Re) (12-4) 


20 kQ/V x 50 V — (8 kQ + 97 kD + 200 kQ) 
= 1000 kQ — 300 kQ = 700 k® 


Note that, apart from the first multiplier (R,), the resis- 
tors are different from those used in the individual multi- 
plier multirange voltmeter of Example 12-7. These resis- 
tors can be obtained in standard resistance values. A 
disadvantage of this circuit is the effect that a change in 
value of one resistor will have on all the other ranges. 

The series-connected type of multiplier circuit in Ex- 
ample 12-8 is used as the range selector switch circuit of 
the VIVM* in Fig. 12-13. 


12-10 VOLTMETER SENSITIVITY 


The sensitivity of a voltmeter may be defined as follows: 


total resistance of voltmeter 


Sensitivity = 
range of voltmeter 
R 
S =— ohms per volt (12-5) 
Vr 


*VTVM is an acronym for vacuum tube voltmeter. Although most 
modern voltmeters no longer contain vacuum tubes, the abbreviation is a 
commonly used term. 
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“Yacuum TUBE VOLTMETER 


FIGURE 12-13 
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Typical electronic voltmeter or VTVM. (Courtesy of Heath Company.) 


For example, determine the sensitivity of the multirange 
voltmeter from Example 12-7. 


5-V itivit 22. 1 . row 
-Vv range: sensitivity = V, = 5V = 
Rr 300k 
15-V itivity = — = = 20 kQ/V 
range sensluvily V, 15 V 
Rr 1MQ 
50-V itivity = — = = 20 kQ/V 
range sensitivity V; 50 V 


Evidently, the sensitivity (S) is a constant for a given 
meter movement. The voltmeter sensitivity, in fact, may 
also be expressed as the reciprocal of the movement’s cur- 
rent sensitivity, as shown in Section 12-7. 

1 
s = — (12-3) 


Tesp 
In this case, 


1 1 


= —— = —__—_ =_ 20 kQ/V 
: 50 pA 50 x 10° ° V/O 


The value of knowing a voltmeter’s sensitivity is the 
ability to determine the total resistance of the voltmeter for 
any given range. For example, if the meter has a sensitiv- 
ity of 20 kQ/V (typical of many VOMs), the total resis- 


tance of the voltmeter on its 150-V range is 


Rr =S8S x Vr 
= 20 kQ/V x 150 V = 3000 kQO = 3 MQ 


Note that, if this voltmeter is measuring a voltage of 75 
V on this range, the total resistance of the meter is still 3 
MQ, (not 1.5 MQ). If used on a 1.5-V range, this volt- 
meter will present a resistance of only 30 kQ) (20 kQ/V x 
LD V). 


12-11 VOLTMETER LOADING 


The effect of a voltmeter when it is connected in a circuit 
is called voltmeter loading. Since a voltmeter is connected 
across a device (in parallel with it), the instrument repre- 
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FIGURE 12-14 
Typical VOM or multimeter. (Courtesy of Triplett 
Corporation.) 


sents a shunting resistance. If this resistance is low in 
comparison with the circuit resistance, the voltmeter load- 
ing may be extreme, depending on circuit conditions. Ide- 
ally, a voltmeter would have an infinite resistance. This 
condition can best be approached by using a voltmeter 
with as high a sensitivity or as high an ohms-per-volt rat- 
ing as possible. (Portable voltmeters found in VOMs may 
have sensitivities ranging from 1 kQ)/V up to 100 kQ/V. 
The VOM or multimeter in Fig. 12-14 has an ohms-per- 
volt rating of 20 kQ/V on de and 5 kQ/V on ac.) 

Thus, the resistance of a given meter can vary widely, 
according to the range being used. For many electronic 
and digital voltmeters (EVMs and DVMs), the meter resis- 
tance is a constant. For example, the electronic voltmeter 
shown in Fig. 12-13 has an input (total) resistance of 11 
MO. on all ranges from 1.5 to 1500 V dc. | 


EXAMPLE 12-9 


Two 1-MQ, resistors are series-connected across a 10-V 
source. Calculate and compare with initial conditions: 
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a. The reading of a 20 kQ/V VOM on the 5-V range 
connected across one of the resistors. 

b. The new reading if the range is increased to 50 V. 

c. The reading of an EVM onthe 5-V range connected 
in place of the VOM. 

d. Each reading taking into account a +3% FSD ac- 
curacy. 

See Fig. 12-15. 


Solution 


The initial circuit conditions consist of a current of 5 wA 
Causing a voltage drop of 5 V across each resistor. See 
Fig. 12-15a. 


a. The resistance of the 5-V range meter = 20 kQ)/V x 
5 V = 100 kQ. Refer to Fig. 12-156. 
Total circuit resistance 
= 1.MQ + 1 MQ||100 kO = 1.1 MO 


s 


V 
New circuit current, / = — 
| Rr 





Voltage drop across R; = V, = /R; 
= 91ypA xX 1MQ = 9.1 V 
Voltage across Rz and VOM reading 


= 10V-91V=09V 


Note that the low resistance of the meter.has almost | 
doubled the circuit current causing a much larger voltage 
drop across A;. This has drastically changed the voltage 
across Rz from 5 to 0.9 V. . 

b. The resistance of the 50-V range meter = 20 kQ/V 
x 50 V = 1 MOQ. See Fig. 12-15c. 
Total circuit resistance 
= 1MQ + 1 MQO|]1 MO = 1.5 MO 


New circuit current, / = — 





Voltage drop across R, = V, = JR; 
6.7 pA X 1 MQ = 6.7 V 
Voltage across Rz and VOM reading 

= 10V—-67V=3.3V 


Although perhaps difficult to read on a 50-V range this 
reading is much closer to the desired 5 V. It results from 
not as large a voltage drop across R, because the cur- 
rent has not increased as much. 

c. Refer to Fig. 12-15d. Repeating the calculation for 
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I=5pA 





(a) Initial circuit conditions (6) VOM on 5-V range reads 0.9 V 


I=6.7 pA . I=5.2 vA 


FIGURE 12-15 
Loading effects of 
voltmeters on various 
ranges for Example 
(c) VOM on 50-V range reads 3.3 V (d) EVM on 5-V range reads 4.8 V 12-9. 





an 11-MQ resistance (the EVM) in parallel with Re, back between terminals A and B, as shown in Fig. 
we obtain: 12-16b. 
Total circuit resistance = 1.92 MO R> 
New circuit current = 5.2 pA Vern = 10 V X Rot R, +R, 
Voltage drop across R; = 5.2 V | 4 MO 
_ VTVM reading across R2 = 4.8 V = 10V x77 wo 
d. VOM on5-V range: 0.9 V +3% of 5 V =10Vx2=5V 
= 0.9 V +0.15 V = 0.75 to 1.05 V Rtn = AillRe 
VOM on 50-V range: 3.3 V +3% of 50 V _ R, x Re 
| =3.3V+15V=18to 48 V R, + Ro 
VTVM on 5-V range: 4.8 V +3% of 5 V 1MQ x 1MQ, _ 
=~ 48V +0.15V = 4.65t04.95V . == aio | 
EXAMPLE 12-10* | The 0.5-MQ, resistor can be thought of as the internal 


resistance of the 5-V source. With no voltmeter (load) 
connected, the voltage V2 across Rz is the open-circuit 
; voltage Vr, = 5 V. 

eget: a. With the 100-kQ 5-V range VOM connected across 
R»2, the equivalent circuit appears as in Fig. 12-16c. 


Repeat Examples 12-9A—12-9C using a Thévenin equiv- 
alent circuit to represent the 10-V source and the two 1- 


Solution 
For the initial conditions, the voltage across R2 can be V>=5V Xx Ry 
obtained from the Thévenin equivalent circuit looking R, + Rtn 
_5Vx 100 kQ, 
100 + 500 kQ. 


5V x j= 0.83 V 


*This example may be omitted with no loss of continuity. 
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(a) Initial circuit 


ith A Rtn 





Ath A 
0.5 MQ 
+ 
R 
5V~ 48VSji 
B 


(e) EVM on 5-V range reads 4.8 V 


Note how a low-resistance voltmeter load of 100 kO 

causes a high voltage drop across the high “internal re- 

sistance” of 500 kQ. 

b. With the 1-MQ 50-V range VOM connected across 
Rz, the equivalent circuit appears as in Fig. 12-16d. 


aia 
R, + Rr 
1 MQ 
1+ 05MO 


~-5Vx—=33V 
ot ae 


V2=5V 


5V x 


c. With the 11-MQ 5-V range EVM connected across 
Ro, the equivalent circuit is as shown in Fig. 12-16e. 


i 
Ry + Rr 
11 MO 
11 + 0.5 MO 


V2. =5V 


=5V x 
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+ 


Vo.c. = V2 =5V 


(b) Thévenin equivalent of initial circuit 





(d) VOM on 50-V range reads 3.3 V 


FIGURE 12-16 

Loading effects of voltmeters on various ranges for 
Example 12-10 using a Thévenin equivalent circuit 
approach. 


~5vx—t-asyv 


The “internal resistance” of 0.5 MQ, is now relatively 
small compared with the load (11-MQ, voltmeter) so very 
little internal voltage drop takes place. The voltmeter 
reads closer to the open-circuit voltage of 5 V. Note how 
obvious it is (with the Thévenin equivalent circuit) that an 
ideal voltmeter of infinite resistance would indicate the 
true voltage of 5 V. 





It is clear that, despite increased FSD errors, the 50-V 
range on the VOM causes less loading and a reading closer 
to the initial condition. 

Whenever loading is a problem, switching to a 
higher range will generally improve the meter’s accu- 
racy. However, if voltage measurements are to be made 
in high-resistance circuits, use of an electronic voltme- 


SELF-EXAMINATION 


ter (with its constant high resistance) is essential to ob- 
tain accurate readings. 

It should be noted that loading occurred in the circuit 
of Fig. 12-15 because of the high resistance of R,. If the 
value of R, is changed from 1 MQ, to 10 kQ, the addi- 
tional current that flows when the VOM is connected 
(though it is appreciable) will cause very little additional 
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voltage drop across R,. Thus the voltage across R» will be 
relatively unchanged. 

Voltmeter loading is not caused merely by low-resis- 
tance meters connected in parallel with high-resistance de- 
vices. It also is dependent upon other high resistances in 
series with the component whose voltage is being mea- 
sured. 


SUMMARY 


A D’Arsonval or PMMC meter movement consists of a movable coil pivoted in 
the strong magnetic field of a permanent magnet. 


2. The PMMC movement has a deflection directly proportional to the dc current in 
the coil. This produces a linear scale. 

3. Current sensitivity is the current required in the movable coil to cause full-scale 
deflection (FSD) of the pointer. 

4. Ammeters use a basic meter movement paralleled by a shunting resistor to extend 
the movement’s current range. 

5. In multirange ammeters the movement’s current range is extended by individual 
shunts selected by a make-before-break switch or by a series arrangement of resis- 
tors called an Ayrton shunt. 

6. The higher the current range of an ammeter, the /Jower the value of the shunt 
resistance and the lower the total resistance of the meter itself. 

7. An ideal ammeter would have zero resistance, regardless of current range. 

8. Ammeter loading occurs when the meter’s resistance is comparable to the circuit’s 
resistance, thus upsetting the circuit’s original state. 

9. Ammeter loading can be decreased by moving to a higher-current range. 

10. The accuracy of a meter is quoted as a percentage of its full-scale reading. 

11. Where ammeter loading is not a problem, for maximum percentage accuracy, 
readings should be taken on a range that most nearly gives full-scale deflection. 

12. In a voltmeter, a multiplier resistor is connected in series with the basic meter 
movement. 

13. Multirange voltmeters may use individual or series-connected multipliers. 

14. A voltmeter’s sensitivity is rated in ohms/volt and is the reciprocal of the meter 
movement’s current sensitivity. 

15. A high-sensitivity voltmeter causes less loading in high-resistance circuits because 
the meter’s large resistance draws negligible additional current. 

16. An ideal voltmeter has infinite resistance. Many voltmeters (VOMs) exhibit higher 
resistance on higher ranges, but electronic voltmeters (EVMs) have a constant high 
resistance through all ranges. 

17. Where voltmeter loading is not a problem, readings should be made on a range 
that most nearly gives full-scale deflection. 

SELF-EXAMINATION 


Answer true or false or a, b, c, or d 
(Answers at back of book) 


12-1. 


A PMMC movement responds only to dc current. 
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12-2. The hairsprings serve solely to provide a restoring torque. 

12-3. A radial magnetic field is produced in a PMMC movement to ensure a linear 
scale. 

12-4. Current sensitivity is the current required through a movement to produce half 
of full-scale deflection. 

12-5. A higher-current sensitivity is usually accompanied by an increase in resistance 
of the moving coil. 

12-6. An ammeter shunt has the same voltage drop across it as the meter movement. 


12-7. Higher-range ammeters have higher shunt resistances. 
12-8. A 100-pA, 2-kQ, meter movement has a voltage drop across it at half of full- 
scale deflection of: 


a. 100 pV 
b. 200 mV 
c. 100 mV 
d. 200 pV 


12-9. A multirange ammeter has the same voltage drop across the meter on each 

range at FSD. —___ 

12-10. A multirange ammeter has lower resistance on the higher ranges. 

12-11. An Ayrton shunt consists of a number of series-connected resistors connected 
in parallel with the meter movement. 

12-12. A make-before-break selector switch is required in both the Ayrton shunt and 
the multishunt multirange ammeter. 

12-13. A disadvantage of the universal shunt is the change in calibration of all ranges 
should the resistance of just one resistor change. 

12-14. The value of shunt resistance required to double the range of a 100-wA, 2-kO, 
meter movement is: 


ze 1LkO 
b. 2kO 
ce 3kO 
d. 4kQ 


12-15. Ammeter loading occurs when the insertion of the ammeter presents a signifi- 
cant resistance that reduces the current flowing to a value much less than the 
initial value. 

12-16. Loading can be minimized by using a higher range. This applies to both volt- 
meters and ammeters (VOMs). 

12-17. A voltmeter multiplier is a resistor connected in series with a meter movement 
to extend the voltage range. 

12-18. A 50-wA, 2-kQ movement requires a multiplier to produce a 10-V range volt- 


meter of: 

a. 198 kO 
b. 19.8 kO 
ec 18kO 

d. 1.98 MQ 


12-19. The lowest range that a multirange voltmeter can have that uses a 50-yA, 2- 
kQ, movement is: 


a. 100 pV 
b. 50mV 
c. 100 mV 
d. S50pV 
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12-20. A multirange voltmeter may use individual multipliers or a number of series- 
connected multipliers. 
12-21. A voltmeter that has a total resistance of 1 MQ, on a 25-V range has a sensitiv- 


ity of: 

a. 4kQ/V 
b. 25 kO/V 
c. 40 kQ/V 
d. 2.5 kQ/V 


12-22. The higher the sensitivity of a voltmeter, the higher the total resistance of the 
voltmeter and loading. 

12-23. Voltmeter loading is due to relatively low-resistance voltmeters connected in 
high-resistance circuits. 

12-24. A 50-kQ/V voltmeter used on a 10-V range indicates 5 V. The total resistance 
of the voltmeter is 


a. 250 k0 
b. 500k 
ce 10kOD 
d. 50k 


12-25. A 10-V range voltmeter has an accuracy of +2% of FSD. The percentage 
error of a reading of 4 V is 


a. 2% 
b. 3% 
c. 4% 
d. 5% 


REVIEW QUESTIONS 


1. What two functions do the phosphor-bronze hairsprings serve in a D’Arsonval 
meter movement? 
2. What is the principle of operation of a PMMC movement? 


3. What construction features ensure that the PMMC scale is linear? 
4. a. Why would you expect a more-sensitive meter movement to have higher re- 
sistance? 
b. What would be necessary to achieve higher sensitivity without an increase in 
resistance? 


5. a. What is the primary purpose of a shunt? 
b. Why are shunt values selected on the basis of FSD currents in the meter 
movement? 
6. a. Why is it necessary to use a make-before-break selector switch in a multishunt 
ammeter? 
b. Why is it not necessary in an Ayrton shunt? 
7. a. Why does the total resistance decrease for higher-range ammeters? 
b. Why would an ideal ammeter have zero resistance whereas an ideal voltmeter 
would have infinite resistance? 
8. What factors contribute to manufacturers quoting the accuracy of a meter as a 
percentage of FSD rather than percentage of reading? 
9. Why is the percentage error higher when making a very low reading on a scale 
than when the reading is near full scale? 
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10. a. What do you understand by “‘parallax’’? 
b. How is this problem reduced in some meters? 
11. a. When is ammeter loading likely to occur? 
b. If you were using a multirange ammeter, how could you determine if loading 


is taking place? 
12. What is the design principle on which a voltmeter multiplier is selected? 
13. Is it necessary to use a make-before-break switch in multirange voltmeters? 
14. a. What is an advantage of using series-connected multipliers in multirange volt- 
meters? 
b. What is a disadvantage? 
c. Which do you think is most expensive: series-connected or individual 
multipliers? 
15. a. What purpose does knowing a voltmeter’s sensitivity serve? 
b. Why is it meaningless to refer to an EVM’s voltmeter sensitivity? 
16. Justify why a voltmeter’s sensitivity should also be given by the reciprocal of the 
meter movement’s current sensitivity. 
17. Why is voltmeter loading more likely to occur with low-sensitivity voltmeters and 
high-resistance circuits? 
18. a. How can you determine if a VOM is loading a circuit in voltmeter measure- 
ments? 
b. How can you reduce loading? 
c. What penalty do you pay? 
19. Will voltmeter loading always occur across a high resistance with a low-sensitivity 
voltmeter? Explain. 


PROBLEMS 


12-1. Given a 100-wA, 2-kQ, meter movement, calculate: 

a. The shunt resistance needed to make a 5-mA range meter. 
b. The voltage drop across the meter at full-scale deflection. 
c. The total resistance of the meter. 

12.2. Repeat Problem 12-1 for a 10-mA range. 

12-3. Given a 100-wA, 2-kQ, meter movement, it is required to construct a multi- 
range milliammeter with ranges of 1 mA, 5 mA, 25 mA, 100 mA, and 500 
mA. Calculate: 

a. Appropriate shunt values. 

b. Voltage drop across the meter on each range at FSD. 

c. Total resistance of the meter on each range. 

Draw a circuit diagram showing switch arrangements and all values. 

12-4. Repeat Problem 12-3, using a 200-wA, 600-Q, movement. 

12-5. A 20-mA, 5-( meter movement must be converted into a 10-A range amme- 
ter. 

a. What shunt resistance is needed? 
b. If the only shunt available is 0.02 0, what additional resistance is needed 
in series with the meter movement itself connected as shown in Fig. (Fn 


12-17? eg 


FIGURE 12-17 
Circuit for Problem 12-5. 


PROBLEMS 


12-6. 


12-7. 


12-8. 
12-9, 


12-10. 
12-11. 


12-12. 
12-13. 


12-14. 
12-15. 


12-16. 
12-17. 
12-18. 


c. How much power does the 0.02-Q shunt dissipate when the meter indi- 
cates 5 A? 

A certain manufacturer’s meter movement has a current sensitivity of 100 WA 

and a resistance of 5 kQ. In an effort to increase sensitivity, the designer 

intends to double the number of turns on the coil (using wire of half the di- 

ameter), use a permanent magnet with a 50% stronger field, and increase the 

area of the movable coil by one-third. Calculate: 

a. The sensitivity of the new meter. 

b. The resistance of the new meter, assuming that the new coil has the same 
perimeter as the old one but increased area. 

Given a 100-A, 2-kQ meter movement, design an Ayrton shunt with ranges 

of 200 wA, 1 mA, and 5 mA. 

Repeat Problem 12-7 for ranges of 0.5 mA, 1 mA, and 10 mA. 

a. Given a 50-pA, 3-kQ meter movement, design an Ayrton shunt with 
ranges of 1 and 10 mA. 
Determine the total resistance of the meter on the 10-mA range. 

c. Using the above meter movement, determine the single-shunt resistance to 
make a 10-mA range meter. 

d. Determine the total resistance of the 10-mA range meter in part (c) and 
compare with the answer in part (b). 

Repeat Problem 12-7 for ranges of 1 mA, 5 mA, 10 mA, and 25 mA. 

A 25-mA range ammeter has an accuracy of +4% of FSD. For readings on 

the scale of 5 mA, 15 mA, and 25 mA determine: 

a. The possible error in mA. 

b. The range of values of the true current. 

c. The percentage error in each reading. 

Repeat Problem 12-11 for a 50-mA range meter. 

A 2.2-kQ, resistor is connected across a 1.5-V dry cell. Assuming the resis- 

tance to be exactly 2.2 kQ, calculate: 

a. The actual current and the power dissipated in the resistor. (Use P = [’R.) 

b. The reading of a 1-mA range, 1-kQ meter connected in series with the 
resistor, and the power in the resistor. (Use P = I°R.) 

c. The range of readings possible in part (b) assuming a +3% of FSD accu- 
racy. 
The reading of a 10-mA range, 100-( meter in series with the resistor. 

e. The range of readings possible in part (d) assuming a +3% of FSD accu- 
racy. 

Repeat Problem 12-13 using a 1.6-kO resistor. 

Given a 100-pA, 2-kO meter movement, it is required to produce a multirange 

voltmeter having ranges of 1 V, 10 V, and 50 V using individual multipliers. 

Calculate: 

a. The total resistance of the meter on each range. 

b. The voltmeter multiplier resistors. 

c. The voltmeter sensitivity. 

d. The resistance of the meter when indicating 20 V on the 50-V range. 

Draw a circuit diagram of the switching arrangement with values. 

Repeat Problem 12-15 using a 50-wA, 5-kQ movement. 

Repeat Problem 12-15 using series-connected multipliers. 

a. What must be the current sensitivity of a meter movement if it is to be 
used to produce a 50-kQ)/V voltmeter? 
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b. Assume that the meter movement in part (a) has a resistance of 10 kQ and 
is shunted by another 10-kQ resistor. What series resistor is required to 
produce a 2-V range voltmeter? 

c. What is the voltmeter sensitivity of the voltmeter in part (b)? 

d. If the 10-kQ shunt resistor is removed, what is the new range of the volt- 
meter? 

12-19. A 10-V source of emf with an internal resistance of 100 kQ) is checked by a 
10-kQ/V voltmeter on its 15-V range. Calculate: 

a. The current drawn by the voltmeter. 

b. The reading of the voltmeter. 

c. The reading of the voltmeter if its range is increased to 50 V. 

d. The reading of an 11-MQ EVM on the 15-V range in place of the original 
meter. 

12-20. Repeat Problem 12-19 using a 50-kQ/V voltmeter. 

12-21. A 500-kQ resistor is series-connected with a 1-M@ resistor across a 12-V 
source of negligible internal resistance. Calculate: 

a. The voltage across the 0.5-MQ resistor with no meters connected in the 
circuit. 

b. The reading of an 11-MQ EVM on the 5-V range connected across the 
0.5-M©) resistor. 

c. The reading of a 20-kQ/V VOM on the 5-V range connected in parallel 
with the EVM. 

. The new reading of the EVM for the condition in part (c). 

e. The reading of both instruments when the VOM is switched to the 50-V 
range. 

12-22. Repeat Problem 12-21 using a 2.2-M© resistor instead of a 1-MQ, and a 25- 
V source instead of 12 V. 

12-23. Repeat Problem 12-21 using a 10-kQ resistor instead of a 1-MQ, and a 5-V 
source instead of 12 V. 

12-24. In Problem 12-21, assume that both meters have a +3% of FSD accuracy. 
Calculate the possible reading and the percentage error (due to FSD errors— 
not loading) of the meters in parts (b), (c), and (e). 

12-25. A neon lamp that fires (conducts) at 60 V is series-connected with a 100-kQ 
resistor (to limit current after firing) across an 80-V source. A milliammeter on 
the 1-mA range is inserted in the circuit and indicates 200 pA. When a VOM 
on the 25-V range is connected across the resistor, the current reading increases 
to 216 pA. 

a. What is the sensitivity of the VOM? 

b. If the VOM has a FSD accuracy of +5%, what range of readings could it 
indicate across the resistor? . 

c. What would be the milliammeter reading if the VOM were connected 
across the neon lamp on the 100-V range? 

d. What percentage error would the VOM indication in part (c) represent? 
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In Chapter 12, you learned that voltmeter loading is caused by 
current drawn from the circuit by the voltmeter. A potentiometer is 
an instrument that is used to make voltage measurements with no 
load at all. This is done by comparing an accurately known and 
variable voltage with the unknown voltage. When a galvanometer 
connected between the two voltages shows a “balance,” you 
know that they are equal. A potentiometer is very useful in 
calibrating voltmeters and ammeters. 


The measurement of resistance is important, but when done by 
simply using a voltmeter and ammeter, the result is not very 
accurate. An ohmmeter is convenient for general use in measuring 
resistances, but where high accuracy is required, a Wheatstone 
bridge is employed. This is a very versatile circuit with four 
resistance arms, one of which is the unknown. Accuracy is 
determined only by the resistance values. 


Also in this chapter, digital multimeter specifications will be 
considered and compared to analogue-type volt-ohm meters 
(VOMs) and electronic voltmeters (EVMs). 


THE POTENTIOMETER 


13-1 PRINCIPLE OF A NO-LOAD 
VOLTMETER 


All of the voltmeters you learned about in Chapter 12 drew 
some current from the circuit for their operation. Because 
of this current draw, connection of such a voltmeter dis- 
turbs the circuit. Even when the current drawn by the volt- 
meter is very small, it will cause a meter reading that is 
less than the true voltage in any multibranch circuit. 

When a source voltage or open-circuit voltage is being 
measured, the voltmeter reading is also reduced if the in- 
ternal resistance of the source is significant. (See Fig. 13- 
la.) This is especially true when measuring the small emf 
(only a few millivolts) of a thermocouple, where the volt- 
age drop across connecting leads can be comparable to the 
generated emf. 

Figure 13-1b shows a measurement method in which no 
current is drawn from the source. If voltages are equal on 
both sides of a galvanometer (a sensitive current-indicating 
device with a zero-center pointer), there is no deflection of 
the pointer. This is called a null condition, and no current 
is drawn from the source. When a null condition is indi- 
cated, the voltage of the ‘“‘unknown’’ emf (V) is precisely 
the same as the accurately known voltage of the source 
used for comparison. Since no current flows in the circuit, 
the measurement is independent of the resistances of the 
galvanometer (rg), the unknown source (r,), and the 
known, or comparison, source (r;). Calibration of the gal- 
vanometer movement itself is unimportant, so long as it is 
sensitive enough to clearly show a null condition (zero de- 
flection) when the voltages are balanced. The greater the 
sensitivity of the galvanometer, of course, the more accu- 
rate the measurement. When the galvanometer is combined 
with a device that can provide a variable accurate voltage, 
the resulting instrument is called a potentiometer. 


13-2 THE POTENTIOMETER 


The commercial potentiometer is essentially a high-reso- 
lution, variable voltage divider. As shown in Fig. 13-2, it 
consists of a standard cell, one or more voltage-dividing 
networks and a galvanometer (which may or may not be 
built into the instrument). 

The standard cell is a source of accurately known volt- 
age used only for calibration of the potentiometer. Mea- 
surement of an unknown emf is done by comparing that 
emf to known voltage drops caused by current flowing 
through the voltage-dividing networks (R, and R>). 
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There are two types of standard cells available for use 
in potentiometers. The saturated or normal cell, uses 
CdSO, crystals and is manufactured to a high degree of 
uniformity. It develops a known emf of 1.0183 V. For 
many years, the National Bureau of Standards (NBS) used 
this type of cell for calibrating purposes, defining the in- 
ternational volt as 1/1.01830 of the emf produced by this 
cell at 20°C. 

A portable version of standard cell, shown in Fig. 13- 
3, uses a cadmium sulfate solution and is called an unsat- 
urated cadmium cell. New cells of this type range between 
1.0190 and 1.0194 absolute volts. The actual value is de- 
termined by comparison with a normal (saturated) cell. 
Each cell of the unsaturated type is accompanied by a cer- 
tificate from the NBS showing the actual voltage (1.01830 
international volts equals 1.01864 absolute volts). The 
voltage of a standard cell should be checked yearly with a 
potentiometer (not an ordinary voltmeter). If a cell is in- 
verted, it should be allowed to settle for 24 hours before 
use. 

The following steps are used to operate a potentiometer 
like the one shown in Fig. 13-2a: 


1. Set the dials of the instrument to the indicated emf of 
the standard cell (R; to 1.0 V, R, to 19 mV). 

2. Move the DPDT (double-pole, double-throw) switch 
to the calibrate position. This puts the standard cell 
in the circuit on one side of the galvanometer. 


3. Close K, and adjust the rheostat until the 


galvanometer shows near-zero deflection. 


V,=V-Ir 





(a) Voltmeter resistance causes an internal voltage drop in the source 


Galvanometer 
O lp 







U + ae 









Terminals 
of unknown 


supply 


Variable, accurate, 
and known 
source of emf 





(6) Potentiometer principle. Galvanometer indicates “null” (zero) when 
the two voltages are equal 


FIGURE 13-1 
Principle of a no-load voltmeter. 
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(a) Schematic diagram of a student-type potentiometer 





(b) Photograph of a student-type potentiometer 


4. Close K, as well, then vary the rheostat to obtain a 
null reading. 


The potentiometer is now calibrated or standardized. 
This means that R, is calibrated in steps of 0.1 V up toa 


FIGURE 13-2 
Circuit diagram and 
photograph of a 
potentiometer. (The 
latter courtesy of the 
Leeds and Northrup 
Co.) 


maximum of 1.5 V, and R, is calibrated up to a maximum 
of 0.1 V. Now, the current delivered by the potentiome- 
ter’s working battery will cause voltage drops across R, 
and R, that will correspond exactly to the marked values 
on the dials. The rheostat should not be varied unless a 


CALIBRATION OF VOLTMETERS AND AMMETERS 


MERCUROUS 
SULFATE 


MERCURY —> i 





(a) External view of mounted cell 


later calibration check indicates that adjustment is needed. 
Note that no current is drawn from the standard cell at 
balance. This prevents it from being consumed or damaged 
when checking calibration. 

Once the potentiometer has been calibrated, measure- 
ment of unknown voltages can be carried out: 


5. Move the DPDT switch to measure, and connect the 
source of unknown emf to the potentiometer. 

6. Adjust the dials (not the rheostat) until the 
galvanometer shows a null condition with both K, 
and K, closed. 

7. Read the unknown voltage from the dials (R; + R>). 


A maximum voltage of 1.6 V can be measured directly 
by the potentiometer. To read higher voltages, a separate 
voltage-divider (‘“‘volt-box’’) is connected between the 
potentiometer and source of the unknown voltage. The 
volt-box reduces the voltage by some known factor to a 
maximum of 1.5 V, so that it can be measured by the 
potentiometer. Multiplying the potentiometer reading by 
the volt-box factor will give the actual unknown voltage. 
(The presence of the volt-box in the circuit, however, puts 
a load on the voltage to be measured and may degrade the 
reading.) 
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‘b) View showing construction of a cell 
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(i FIGURE 13-3 
Standard cell made by 
the Eppley Laboratory, 
Inc. (Courtesy of 


Eppley Laboratory, Inc.) 


CADMIUM 
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13-3 CALIBRATION OF VOLTMETERS 
AND AMMETERS 


Since the potentiometer is capable of making very accurate 
voltage measurements, it is commonly used to calibrate 
digital voltmeters. 

A calibration curve for a given voltmeter may be ob- 
tained by using the circuit shown in Fig. 13-4a. Note that 
the potentiometer and the voltmeter are connected in par- 
allel. The correction that must be made (added to or sub- 
tracted from the voltmeter reading) can be obtained at var- 
ious points on the voltmeter scale and plotted on a graph 
like the one shown in Fig. 13-4c. On a 1.5-V range volt- 
meter, the correction would normally be small (usually in 
millivolts). 

Note that the correction curve consists of measured 
points joined by straight lines. A good meter should be 
correct at three points along the scale, as shown in Fig. 
13-4c. Many meters, however, will get progressively 
worse (less accurate) as the reading increases toward full- 
scale deflection. The FSD accuracy of the meter is estab- 
lished by expressing the largest correction (no matter 
where it appears on the curve) as a percentage of the full- 
scale range. 
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Potentiometer 
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calibrated 








Standard 
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of 10 






Potentiometer 


(6) Circuit for ammeter calibration 


+50 
Correction 
in mV to 
be added to 0 Voltmeter 
voltmeter LS reading, 
reading volts 

—50 


(c) Typical correction curve for a voltmeter 
FIGURE 13-4 
Calibration circuits for the voltmeter and ammeter 
and a typical calibration curve for a voltmeter. 





EXAMPLE 13-1 


A potentiometer is being used to calibrate a dc voltmeter 
set to its 1.5-V range. The largest correction occurs 
when the voltmeter indicates 0.960 V. At this value, the 
potentiometer dials indicate 1.0 V and 14 mV. Calculate: 
a. The true reading that the voltmeter should indicate. 
b. The voltmeter correction in millivolts. 

c. The percent FSD accuracy of the meter. 


Solution 


a. True reading = 10V + 14mV 
= 10V+ 0.014 V 
= 1.014 V 
b. Correction = Potentiometer — Voltmeter 
= 1.014 V — 0.960 V 
0.054 V = 54 mV 
maximum correction 
meter range 


I 


c. FSD accuracy = x 100% 
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0.054 V P 
= ey x 100% 
5.4 
_ of — 0 
15 Yo 3.6% 





The potentiometer can also be used to calibrate an am- 
meter. As shown in Fig. 13-4b, the ammeter is simply 
connected in series with a highly accurate precision resis- 
tor and the voltage across the resistance is measured by the 
potentiometer. 

Then, by Ohm’s law, the true current can be obtained 
(the potentiometer reading is divided by the resistance 
value). If the precision resistor is exactly 1.0000 (, the 
voltage readings of the potentiometer are numerically the 
same as the true ammeter current. A correction curve can 
be drawn in the same manner used for the voltmeter. 





EXAMPLE 13-2 


A potentiometer is being used to calibrate a 250-mA 
range milliammeter. The largest error occurs when the 
milliammeter indicates 235 mA. At this value, the two 
dials of the potentiometer indicate 0.2 V and 30 mV 
across a precision 1.0-Q resistor connected in series 
with the milliammeter. Calculate: 

a. The true milliammeter current. 

b. The milliammeter correction at this point. 

c. The percent FSD accuracy of the meter. 


Solution: 
V 
a. True current / = — 
R 
_ 0.2V + 30 mV 
7 1.00 
= 0.230 A = 230 mA 
b. Correction = Potentiometer — Ammeter 
= 230 mA — 235 mA 
= —-5mA 


(The negative sign indicates that the meter reading is 


high and must be reduced by adding a negative quan- 
tity.) 
c. FSD accuracy maximum correction 


x 100% 
meter range 








5 mA ° 
= 250 mA x 100% 
_ OOD _ as 
= 560 % = 2% 


AMMETER-VOLTMETER METHOD OF MEASURING RESISTANCE 


13-4 AMMETER—VOLTMETER 
METHOD OF MEASURING 
RESISTANCE 


An apparently simple method of measuring a circuit’s re- 
sistance is to divide the voltage across the circuit by the 
current through the circuit, using Ohm’s law: 


This simply requires a voltmeter reading and an ammeter 
reading. But how accurate is such a measurement? There 
are many possible sources of error. 

First, ignore the resistances of the meters themselves 
and consider only their FSD accuracies. 

Assume that your meters both give you full-scale read- 
ings—the 5-V range voltmeter indicates 5 V, and the 10- 
wA range ammeter indicates a circuit current of 10 WA. 
Now, assume that both meters are accurate to +3% FSD. 
Then 

V.. 5 V 


=] 


= = 500 kO 
I, 10pA 





The circuit’s resistance is thus 500 kQ with an accuracy 
of +6% That is, the voltmeter could be reading 3% high 
and the ammeter 3% low (or vice versa), for a maximum 
error of 6%. The actual resistance could be as low as 470 
kQ, or as high as 530 kQ. The other possibility is that the 
errors could cancel each other, but without calibration 
curves for the two instruments, there is no way to be sure. 
You must consider the worst case—the sum of the two 
errors. 

If the meter readings were not at or near full-scale, the 
percentage error could be much worse. If both readings 
were near half-scale, for example, the maximum error 
could be as high as 12% (and readings lower on the scales 
could produce even larger percentage errors). 

In the next section, the effect on accuracy of the volt- 
meter’s location in the circuit will be considered. 


13-4.1 Measurement of High 


Resistance 


If the circuit resistance is considered high (compared to the 
voltmeter’s resistance), the voltmeter should be connected 
across the series combination of R, and the ammeter to 
avoid loading effects. (See Fig. 13-5a.) With this arrange- 
ment, the ammeter indicates the true resistor current, but 
the voltmeter reading will be a bit high. The following 
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= 
A a 
R, 


(6) Low resistance 


(a) High resistance 


FIGURE 13-5 

Showing the voltmeter location to measure an 
unknown resistance in high- and low-resistance 
circuits. 


equation will correct for the resistance effect of the am- 
meter. 
V 


RK, = — — Ry 


A (13-1) 


ohms 
where: R, is the resistance of the unknown in ohms (Q) 
V is the voltmeter reading in volts (V) 
A is the ammeter reading in amperes (A) 
R, is the resistance of the ammeter in ohms (()) 





EXAMPLE 13-3 


A resistor is being measured using the circuit shown in 
Fig. 13-5a. A 10-V range, 3%-FSD accuracy voltmeter 
indicates 5 V; a 50-pA, 20-kQ, 2%-FSD accuracy mi- 
croammeter indicates 10 wA. Calculate: 

a. The resistance. 

b. The maximum possible error. 


Solution 
V 
a. R, = A = Ra (13-1) 
5 V 
“F0x 10-e A MOR 


500 kX. — 20 kD = 480 kQO 
b. Percentage error in voltmeter reading 


3 
— joo * 1° 


% = 6% 
may; x 100% = 6% 


Percentage error in ammeter reading 


262 


2 
Too * 50m 


So % 100% = 10% 
10 pA : 


Maximum possible error in measurement of R, = 6% + 
10% = 16% 





13-4.2 Measurement of Low 
Resistance 


For measurements of circuits where resistance is consid- 
ered Jow (compared to the voltmeter’s resistance), the ar- 
rangement in Fig. 13-5b is used. In this case, the voltme- 
ter reading will be correct, but the ammeter will read high 
by an amount equal to the current drawn by the voltmeter 
(V/Ry). That is, 


V 


pen Se 13-2 
A — VIR, le 


R, ohms 
where: R,, is the resistance of the unknown in ohms ({2) 
V is the voltmeter reading in volts (V) 
A is the ammeter reading in amperes (A) 


R,, is the resistance of the voltmeter in ohms (() 





EXAMPLE 13-4 


The resistance of a circuit is being measured as in Fig. 
13-56. The 10-mA range milliammeter indicates 10 mA 
and the 10-kQ/V voltmeter indicates 15 V on the 15-V 
range. If both meters have a 2% FSD accuracy, deter- 
mine: 

a. The resistance. 

b. The maximum possible error. 


Solution 
a. R, = Q/V x range = 10 kQO/V x 15 V = 150 kO, 
V 
R, = A VR, VIR, (13-2) 
R 


15V 5 Inf. 
0 


(cz) Circuit of ohmmeter 


45 kQ 





(6) Calibration of ohmmeter scale 
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- 15V 
7 15V 
—3 Cr en ee 
10 x 10°" A — 350 x 10° 0 
15V 
“gox "A 


b. Maximum possible error = 2% + 2% = 4% 





Note that, if an ideal ammeter (R, = 0) and an ideal 
voltmeter (R, = ©) are used, both Eq. 13-1 and Eq. 13-2 
reduce to R, = V/A, and the location of the voltmeter in 
the circuit is immaterial. 


13-5 SERIES TYPE OF OHMMETER 


An ohmmeter provides a direct reading of resistance in 
ohms, eliminating the need for two readings and calculat- 
ing a correction. The ohmmeter is not an instrument of 
high accuracy, but it is adequate for many commercial ap- 
plications. (In electronics work, many resistors are only 
accurate to 5% or 10%, anyway.) 

The simplest ohmmeter is the series type shown in Fig. 
13-6. Unlike the ammeter or voltmeter, it requires a 
battery (1.5 V or larger) as a source of emf, and is used 
in circuits with no other power applied. To avoid dam- 
age to the meter, power to the circuit must always be 
turned OFF before the ohmmeter is connected. The 
ohmmeter uses a basic meter movement and includes pro- 
vision for zeroing the pointer when the two leads are 
shorted (connected together). 

For the basic circuit shown in Fig. 13-6a, you can see 
that (for any value of R,), 


V = IR- 


and V = 1(R, + R, + R,) 
where: V is the emf of the cell in volts (V) 
I is the current through the resistor and meter 
movement in amperes (A) 


(3-1b) 
(13-3) 


20 kD, 
7.5 kO 


A 
oe FIGURE 13-6 


Series type of ohmmeter. 


SERIES TYPE OF OHMMETER 


R, is the external resistance to be measured in 
ohms (Q) 

R,, is the meter movement resistance in ohms (Q)) 

R, is the resistance of the zeroing control in ohms 


(Q) 
When the leads are shorted together, R, is zero, and 
V 
Ky or Ky = (13-4) 
esp 


Equation 13-4 determines the value of R, to give full- 
scale deflection of the meter. This point on the scale is 
marked zero ohms. The markings on the remainder of the 
scale are determined as in Example 13-5. In general, the 
procedure for marking the ohmmeter scale involves assum- 
ing a convenient value of current and determining the ex- 
ternal resistance (R,.) that permits this current to flow. 


EXAMPLE 13-5 


Given a 0—50-pA, 3-kQ meter movement, determine the 
resistance markings at 0, 10, 20, 30, 40, and 50 pA 
when used in a series-type ohmmeter (Fig. 13-6) with a 
1.5-V cell. Also determine a suitable value for the zero- 
ohms control. 


Solution 
When the leads are shorted together, R, = 0, and 


Rn + Re = 


lesp 
_ 1.5V 
~ 50 x 10°°A 


(13-4) 
= 30 kO 


therefore, R, = 30 kQ — Ry 
= 30 kD — 3kQ = 27 kO 

This is the value to which the zero-ohms control (max- 
imum value 30 kQ)) must be adjusted for a full-scale de- 
flection of 50 pA, corresponding to 0 ©. (This mechanical 
process is often called calibrating the ohmmeter.) 
When / = 40 pA, corresponding to 4 of full-scale deflec- 
tion, 


V 
Ry + Rm + Re = 7 (3-1) 
15V 
= 90 pA 7 37-5 KO 
Thus R, = 37.5kQ — (Rm + R;) 


= 37.5 kQ — (8 kQO, + 27 kQ) 
= 37.5 kQ — 30 kO = 7.5 kX 
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This is the ohmmeter calibration at 4 full-scale deflection. 
For / = 30 pA, corresponding to 2 of full-scale deflection, 


R, + RAR, + R, = 7 (3-1) 
1.5V 
30 nA = 50 kQO 
Thus Ry = 50k — (Rn + R,) 


50 kQ — 30 kD = 20 kQ 


This is the ohmmeter calibration at 2 full-scale deflection. 
Similarly, for / = 20 pA, R, = 45 kQ, 
calibration at 2 lesp 
/ = 10 pA, R, = 120 kQ, 
calibration at 3 lesp 
When the test leads are apart, AR, is infinite, the 
ohmmeter is on open circuit, and no current flows. Thus 
! = 0 corresponds to infinity, », on the left side of 
the scale. The markings are shown in Fig. 13-6. 


The type of scale described in Example 13-5 and shown 
in Fig. 13-6b is often called a back-off scale, since the 
numbers run in the opposite direction from those on the 
scale of a voltmeter or ammeter. 

From the calibration values shown, it is evident that the 
ohmmeter scale is nonlinear, being very crowded between 
120 k© and infinity. This is one disadvantage of the series- 
type ohmmeter—it is difficult to accurately read resistance 
values above 120 kQ). 

Another disadvantage of this type of ohmmeter circuit 
is caused by aging of the battery. As the battery gets older, 
its voltage drops, causing a large change in the resistance 
reading. The decreased voltage means that a given current 
(and thus a given meter deflection) corresponds to a lower 
external resistance. Although the error can be offset to 
some extent by adjusting the zeroing control (R,), the re- 
sult is a reading that is higher than the true external resis- 
tance (R,). This is demonstrated in Example 13-6. 


EXAMPLE 13-6 


When the ohmmeter battery voltage in Example 13-5 
drops to 1.4 V, what value of R, corresponds to 30 pA 
on the meter (marked 20 kQ)? 


Solution 


When the battery voltage drops, R, must be readjusted 
and reduced to be able to zero the ohmmeter. Substitut- 
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ing the reduced battery voltage in Eq. 13-4, we find that 


a (13-4) 


lesp 
1.4V 
= — = 28k 
50 pA ° 
Thus R, = 28 kQ — 3k = 25 kQ. (Note that R, has 
been reduced from 27 to 25 kQ, because of the reduction 
in battery voltage.) 


Ain +R, 


For ! = 30 pA, 
V 
Ry + Re + A, = 7 (13-3) 
1.4 V 
= —— = 46.7 kO 
30 pA 


Thus R, = 46.7 kQO — (25 kQO + 3 kQ) = 18.7 kQ. 


Since the calibration scale value is 20 kQ., the ohmme- 
ter is indicating a value that is 1.3 kQ too high, an addi- 
tional error of 7%. 

The error due to battery aging can be reduced to less 
than 1% by connecting the zeroing control in parallel with 
the meter movement, rather than in series with it. (See 
Problem 13-12.) It should be apparent, from what you 
have read so far, that the series-type ohmmeter is not ca- 
pable of measuring either very low or very high resistances 
accurately. The shunted-series type of ohmmeter over- 
comes this problem (in part) and also lends itself to mul- 
tirange capability. A shunted-series ohmmeter can provide 
several scales, ranging from R X 1 for low resistance up 
to R X 1000 for higher resistances. 


& Range selector 
switch 
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13-6 THE SHUNTED-SERIES TYPE OF 
OHMMETER 


A point of comparison between ohmmeters is the center 
scale (or half-scale) deflection resistance. The lower this 
half-scale resistance, the greater the meter’s ability to mea- 
sure low resistance values. A value of 10 to 12 Q is con- 
sidered an acceptable half-scale calibration. (For compari- 
son, the half-scale calibration in the series-type ohmmeter 
shown in Fig. 13-6b is 30 kQ..) 

As shown in Fig. 13-7, a resistor equal to the half-scale 
resistance (R,,; = 10 Q) is used to shunt the movement 
and the zero control on the R X 1| range. 

On any range, the total resistance (R7) seen by the 
1.5-V cell is given by 


Rr = R, - Rs\(Rn 7 R,) (13-5) 


where: R, is the shunt resistance selected by the range se- 
lector switch in ohms (Q)). All other symbols are 
as in Eq. 13-3. 

When the instrument is being zeroed, R, = 0. This 
connects the cell in parallel with the shunt resistance (R;,) 
and the series combination (R,, and R,). The total resis- 
tance seen by the cell is now: 


Rr = Rl(Rm + Rz) (13-6) 


Since the current through R,, + R, is typically only 50 
wA, the resistance of this series combination is much 
larger than that of R,, which may be only 10 or a few 
hundred ohms. Thus, to a close approximation: R; ~ R, 
when R, = O. This causes a certain current to flow 
through R,, and full-scale deflection current (psp) through 
the movement. 





(a) Circuit diagram 
FIGURE 13-7 
Shunted-series type of multirange ohmmeter. 


(6) Scale markings 


THE WHEATSTONE BRIDGE 


If R, = R,, the total resistance seen by the cell doubles, 
so that R; ~ 2R,. The current through both R, and the 
meter movement is thus cut in half, and the meter will de- 
flect only to half scale. This half-scale deflection is calibrat- 
ed with a value equal to R,;, as shown in Example 13-7. 


EXAMPLE 13-7 


With the range selector switch in Fig. 13-7a set on the R 

x 1 position, calculate: 

a. The current through R,, and the movement when R, 
= OC, 

b. The value of R, to zero the ohmmeter. 

The current through R,, when R, = 0. 

d. The current through R,, and the movement when R, 
= 100. 

e. The current through AR,2 and the movement when the 
range is changed to R x 10 and R, = 100 ©. Given 
In = 5O pA, Rp = 3 kO, V = 1.5 V cell. 


QO 


Solution 


a. When FR, = ~, there is no complete path for the cur- 
rent, so /,, = 0, /;; = 0, and the pointer indicates 
infinity at the extreme left of the scale. 

b. To zero the ohmmeter, R, = 0. 

This connects the 1.5-V cell in parallel with R,, and 
the series combination of A,, and R,. esp must flow 
through the movement for full-scale deflection. 
Rn + Az = ne (3-1) 
lEsp 
1.5V 


= —— = kO, 
50 pA ee 


Thus R, = 30 kQ — 3kQ = 27 kQ. 
V 


; i. eS - 
c t= BR (3-1a) 
1.0 ¥ 
= 100 = 0.15A = 150 mA 
d. When RA, = 10 Q, the total resistance seen by the 
1.5-V cell is 
Rr = Ry + Aeill(Rm + Re) (13-5) 


= 100 + 10 O|(3 kO + 27 kQ) 
10.0 + 10 930,000 2 

= 100 + 9.9970 

~ 200 


It is to be noted that this is double the resistance 
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seen by the 1.5-V cell when R, was 0 (2. Conse- 
quently, the battery current will be one-half of what it 
was when R, = 0. 

Thus the current through both A,, and A, will be 
cut in half. 


_ 150 mA 


si 2 = 75 mA 








ln = = 25 pA 
9 Sd 


Since the movement current is 25 wA, which is 
half of the full-scale deflection, the center scale read- 
ing of the ohmmeter is 10 ©. 


e. Onthe AR x 10 range, and RAR, = 00, 


Vv 45V 
2 = =a = =e A 
ep o ion 1™ 
and ln = 50 pA 


with Rr = Reall(Rm + Rz) ~ Reso = 100 2. When R, = 
100 Q, Rr ~ 200 Q, so /,o = 7.5 mA and /,, = 25 pA. 
The ohmmeter will indicate 10 ©, which must be multi- 
plied by 10 to obtain the deflection scale value of R, = 
100 Q. 


NOTE On the R x 1 range a large amount of current is re- 
quired from the cell compared with the R x 10 range. It is be- 
cause of this that an aging cell may not be able to zero a com- 
mercial ohmmeter on the R x 1 range but can on higher 
ranges. Also, because of the increased internal resistance of the 
aging cell, the terminal voltage will not be constant. This means 
that the zero-ohms control will have to be readjusted, each time 
the range is changed, to zero the meter. 


On very-high-resistance ranges (such as R X 10 k), 
higher voltages are needed to provide enough current to 
operate the meter movement. In commercial ohmmeters, 
this is accomplished by switching in additional cells (for a 
total of as much as 10.5 V). An ohmmeter with the capa- 
bility of switching in an additional 9-V cell is shown in 
Fig. 13-8. 

Many commercial ohmmeters do not use independent 
shunts (such as R,;, Ry, and R,3 in Fig. 13-7). Instead, 
they use series-parallel resistor combinations based on the 
Ayrton shunt principle described in Section 12-4. 


13-7 THE WHEATSTONE BRIDGE 


Of all resistance-measuring devices, the ohmmeter is the 
least accurate. To make precision resistance measure- 
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HI, fi 
Bussrnaon ABC-1 oF 
Littelfuse 324001 ZA8 


SAFETY RULES 

. This tester has been designed with your safety in mind. However, no. ~* 
design can completely protect against incorrect use. 

. Head the Instruction Manual. 

. Dd not exceed the limits of the tester. 

. Double check switch setting before connecting test leads to circuit. 

. Fuses must be replaced with correct type and in proper 
sccket (see diagram above}. 

, Ds not touch exposed cannactions or wiring, 

, trehigh voltage circuits, turn off the source of voltage before 
eGnnecting test prods. 

. Ds not connect to voltage circuits when switch is set to ohms or 
current ranges, 

, Do not use test leads with cracked or damaged insulation. 

. Caution — high energy electrical circuits can be lethal. 


SAFETY IS NO ACCIDENT 





FIGURE 13-8 

Model 60A VOM with back removed to show the 1.5- 
V cell for most ohmmeter ranges and the additional 
9-V cell for the high-resistance range. (Courtesy of 
Triplett Corporation.) 


ments, the instrument most often used is the Wheatstone 
bridge. Named for the English physicist Charles Wheat- 
stone, the basic instrument circuit consists of an emf 
source, a galvanometer, two keys (switches), and a dia- 
mond-shaped arrangement of four resistors. A dc voltage 
is connected across one opposite set of corners, and the 
galvanometer across the other set, as shown in Fig. 13-9a. 

Resistors R, and R, are usually decade resistors with 
values in some accurately known ratio to one another. R is 
a variable decade resistance with finely divided markings 
to indicate its value with a high degree of accuracy; R, is 
the unknown value to be measured. 

Keys K, and K> are closed and R is varied until (with 
the galvanometer resistance R, at its minimum value), the 
galvanometer shows zero deflection. This zero deflection 
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(a) Basic Wheatstone bridge circuit 





(b) Commercial Wheatstone bridge 


FIGURE 13-9 

Wheatstone bridge for measuring resistance. 
[Photograph in (b) courtesy of Leeds and Northrup 
Co.] 


(null) means that there is no potential difference between 
B and C. The bridge is said to be “‘balanced.’’ 
A null reading can only be obtained if 


Vap = Vep 
This also implies that 


Vas = Vac 


Thus Tr Rx — Tr Ro and IRR = IRR 


THE WHEATSTONE BRIDGE 


Dividing these two equations: 


IRR, _ TRoR> 
IpR Ip Ry 


But if there is no current through the galvanometer, 


Ir = IR, and Ir, = IRy 
R R 
es (13-7) 
R R, 
R 
ai R, = (F)e (13-7a) 
R, 
or R,R, = RR, (13-7b) 


Equation 13-7a shows that R, can be obtained if the 
‘‘ratio arms’’ (the ratio of R, to R,) and R are accurately 
known. 

Equation 13-7b shows a convenient way of remem- 
bering the balanced bridge resistance equation: The 
cross products of the opposite arms are equal. 

You should note that the accuracy with which R, can 
be determined in Eq. 13-7a depends on the sum of the 
precision errors of the known resistors (R», R,, and R). 
Thus, if all three are known to an accuracy of 0.1%, the 
value of R, is known to a maximum possible error of 
0.3%. This measurement is independent of the applied 
voltage, the galvanometer accuracy, and the value of Rg 
in Fig. 13-9a. 


EXAMPLE 13-8 


Using the notation in Fig. 13-10a, a student-built Wheat- 
stone bridge consists of 1% ratio arms with R; = 3.3 kOD 





(a) Original bridge circuit 





(6) Bridge circuit with galvanometer 
and battery interchanged 
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and R2 = 1.2 kQ. Bridge balance occurs when R is ad- 

justed to 310 ohms, with an accuracy of 0.1%. Calculate: 

a. The unknown resistance and the maximum possible 
error. 

b. The current through R,, if a 9-V battery is used. 

c. The power dissipated in R. 





Solution 
Re 
R= (= -7 
a. R (#2)A (13-7a) 
1.2 kOQ 
= | —— ] 310 0 = 112.7 
(+2 S) 
Maximum possible error = 1% + 1% + 0.1% 
= 2.1% 
V 
, = -1 
b. Ip, RR, (3-1a) 
9V 
= 3104+ 11270 23mA 
c. Py = ER (3-7) 


(21.3 x 10-3 A)? x 3100 
= 0.14 W = 140 mw 


In the commercial Wheatstone bridge shown in Fig. 13- 
9b, R,/R, is adjustable to provide ratio factors of 1, 10, 
100, and so on, and is referred to as the multiplier. It 
multiplies the value of R indicated on the right dial. 

The range of values that may be accurately measured 
by a Wheatstone bridge extends from 1 to 5 () at the lower 
limit (due to contact resistance) to as high as 1 MQ. At 
high resistance the sensitivity of the galvanometer to im- 
balance in the bridge is severely restricted. This is due to 
the very small currents in the circuit. 


FIGURE 13-10 
Wheatstone bridge circuits for 
Example 13-8. 
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The following example illustrates the effect of inter- 
changing the galvanometer and battery locations. 





EXAMPLE 13-9 


Repeat Example 13-8 with the positions of the galva- 
nometer and battery interchanged as in Fig. 13-106. 


Solution 


a. R, = 112.70 
Maximum error = 2.1% 


V 
b. Ip, = A. +A (3-1a) 
9V 
- T1274 120007 &9mA 
c. Po = BR (3-7) 
V 
a : 
R- POR, (4a) 
9V 
es = OG A 
310+ 33000 70™ 
Pp = BR (3-7) 


= (2.5 x 10° A)? x 3100 = 1.9mW 





Although the same value for R, is obtained with either 
connection, the one illustrated in Fig. 13-10b draws 
much less current and the power dissipation is greatly 
reduced. (In R,, the power is reduced from 51 mW to 
5 mW.) If the device being measured is either temper- 
ature-sensitive or has a high-temperature coefficient of 
resistance (resistance that varies greatly with tempera- 
ture changes), the connection shown in Fig 13-105 is 
usually desirable. 

Maximum sensitivity of the galvanometer is claimed to 
occur with the connection shown in Fig. 13-10a. That is, 
the battery should be connected with the two low resis- 
tances in series. However, the difference in sensitivity is 
slight, and when using a commercial bridge instrument, 
there is no choice in the type of connection. 

A very versatile circuit, the Wheatstone bridge is used 
in many applications beyond measuring resistance. For ex- 
ample, if a thermistor (which changes resistance with tem- 
perature) is substituted for one of the resistance arms, the 
bridge will become unbalanced as the temperature 
changes. The varying current flowing through the meter 
- then reflects temperature changes. Through the substitution 
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of the appropriate transducer (any device whose resistance 
changes in response to a change in a physical quantity), 
the circuit can be used as a pressure gauge, a flow meter, 
a vacuum gauge, an anemometer (wind-speed gauge), and 
so on. 


13-8 DIGITAL MULTIMETERS 


All the meters discussed so far have been of the analogue 
type—they used a pointer to indicate a reading, much as 
the hands of a conventional watch indicate the time. A 
digital multimeter (like a digital watch) may use light- 
emitting diodes (LEDs) or a liquid-crystal display (LCD) 
to show the digital value of the electrical quantity being 
measured. Instead of interpreting the position of the 
pointer on the scale as a numeric value, you read the num- 
bers directly from the digital display. 

Figure 13-11 shows a 43-digit multimeter (the farthest 
left position displays a ‘‘1’’ when necessary; the remaining 
four positions can display numerals from 0 to 9). Both 
function and range buttons are provided on this meter, al- 
though some available meters automatically select the re- 
quired range. Polarity is automatic, with a minus sign dis- 
played when the quantity is negative with respect to 
common. 

A digital multimeter (DMM) usually performs five mea- 
suring functions: ac and dc current, ac and dc volts, and 
ohms. The meter’s characteristics are compared, in Table 
13-1, to the analogue type of VOM and EVM. Unlike the 
VOM and EVM, the DMM has no need for an ohms ad- 





FIGURE 13-11 
A 4 - -digit five-function multimeter. (Courtesy of 
Hewlett-Packard.) 


DIGITAL MULTIMETERS 


TABLE 13-1 
Comparison of Multimeter Characteristics 





269 


Characteristic VOM EVM DMM 
Volts de Yes Yes Yes 
Volts ac Yes Yes Yes 
Milliamperes dc Yes No Yes 
Milliamperes ac No No Yes 
Resistance ranges | R x 1toR x 100k | Rx1toRx1M 100 0-10 MO 
Adjustments R=0 R=0;R=0 None 
De volts input 20 kQ/V 10 MO, 10 MQ to 10°° 0 
resistance 
Ac volts input 5—20 kQ/V 1 MO 1 MO 
resistance 
Ac volts frequency 20 Hz—100 kHz 25 Hz—1 MHz 40 Hz—20 kHz 
range 
Power Battery (ohms) Ac or battery Ac or battery 
Display Pointer Pointer LED or LCD 
Accuracy + 2-3% of FSD +3-5% of FSD + (% reading 


justment. Some have a zeroing adjustment, however, for 
use when making measurements in the low (10-mV) dc 
volts range. 

In addition to ease of reading, the primary features of a 
digital multimeter are its resolution and accuracy. For ex- 
ample, one 33-digit meter has seven ranges, measuring 
current from 1 pA to 2 mA, with less than 0.2-mV drop 
caused by the instrument. Some of the accuracies attaina- 


TABLE 13-2 
Typical Digital Multimeter Accuracies 


Function 


+ % range) 
(See Table 13-2) 


ble with the multimeter shown in Fig. 13-11 are indicated 
in Table 13-2. The stated accuracies remain valid for a 
period of 30 days following calibration of the instrument, 
provided a temperature of +5°C from 23°C is maintained. 
Note that accuracy depends on both the reading and the 
range in use. Some DMM manufacturers may express the 
accuracy in terms of a percentage of the reading and plus 
or minus one digit. 





Accuracy 


Dc volts 

(100 mV—100 V) 

Ac volts 

(100 mV—100 V, 40-10 kHz) 
Dc amperes 

(100 wA-10 mA) 

Ac amperes 

(100 wA-10 mA, 1—10 kHz) 
ohms 

(1 kOQ—1 MQ) 


+ (0.02% of reading + 0.01% of range) 
+ (0.15% of reading + 0.05% of range) 
+ (0.1% of reading + 0.01% of range) 
+ (0.25% of reading + 0.75% of range) 


+ (0.02% of reading + 0.01% of range) 
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EXAMPLE 13-10 


A digital multimeter having an accuracy given by Table 
13-2 is being used on the 10-V dc range. 
a. Determine the possible reading and the percentage 
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= 5V + 0.002 V 
0.002 V 





Percentage error x 100% = 0.04% 


b. Possible reading = 10 V + (0.02% of 10 V 
+ 0.01% of 10 V) 


error when measuring 5-V dc. a 
b. Repeat for a measurement of 10-V dc. 


From Table 13-2: 


10V + (Sz 10 V 


100 
0.01 : 
+ — x 10V 
100 
= 10 V + (0.002 V + 0.001 V) 
= 10 V + 0.003 V 
0.003 V 


5 V + (0.02% of reading 
+ 0.01% of range) 


Possible reading 


0.02 
=5V+ |— x 
: (oe am 
0.01 
+ 100 x 10 V) 


| 


5 V + (0.001 V + 0.001 V) 


SUMMARY 


A potentiometer is an accurate, high-resolution, variable-voltage divider used to 
measure unknown voltages without drawing any current. 


2. A standard cell is a source of accurately known voltage used for calibrating poten- 
tiometers. 

3. A potentiometer can be used to calibrate voltmeters and ammeters. 

4. A calibration curve consists of a graph of corrections that must be added to or 
subtracted from the reading on an ammeter or voltmeter scale to obtain a true 
reading. 

5. Resistance may be measured by applying Ohm’s law to actual ammeter and volt- 
meter measurements. 

6. Equations 13-1 and 13-2 are used to account for meter resistance when measuring 
circuit resistance. 

7. For calculations involving products and quotients, the total possible error is the 
sum of the errors of the individual variables. 

8. A simple type of ohmmeter consists of a series-connected cell, meter movement, 
and zeroing control. Such an ohmmeter has a high half-scale resistance. 

9, An ohmmeter scale is nonlinear, and reads from zero ohms on the right to infinity 
on the left. This scale is called a ‘‘back-off’’ type. 

10. When the battery voltage drops in a simple series-type ohmmeter, the indicated 
readings will be too high. 

11. The shunted-series type of ohmmeter is adaptable to multirange operation and has 
a low half-scale resistance. 

12. To measure resistance with a high degree of accuracy, a Wheatstone bridge is 
used. 

13. A bridge is balanced (in a ‘‘null’’ condition) when the cross products of the op- 


posite arms are equal. 





Percentage error = 


a ° 
10V x 100% = 0.03% 





Example 13-10 illustrates, once again, the advantage of 
making readings that are as close to full scale as possible 
to reduce percentage errors. 


SELF-EXAMINATION 


14. Interchanging the location of the battery and galvanometer in a Wheatstone bridge 
does not change the resistance values for balance, but may have a large effect on 
the power dissipation in the circuit. 

15. Digital multimeters are easy to read, more accurate, and have higher resolution 
than analogue multimeters. 


SELF-EXAMINATION 


Answer true or false or, in the case of multiple choice, a, b, c, or d 
(Answers at back of book) 


13-1. 


13-2. 


13-3. 


13-4. 


13-5. 


13-6. 


13-7. 


13-8. 


13-9. 


13-10. 


13-11. 


13-12. 


13-13. 


13-14. 


13-15. 


13-16. 


A no-load voltmeter measures the open-circuit voltage of a source of emf. 


A potentiometer is a source of variable voltage known to a high degree of 
accuracy for measuring unknown voltages. 

A potentiometer compares the voltage from a standard cell with an unknown 
voltage to determine the unknown voltage. 

The calibration of a potentiometer requires setting the dials to the standard cell 
voltage and adjusting the current from the working battery until a null is indi- 
cated on the galvanometer. 

A potentiometer can directly measure voltages up to 150 V. 

A potentiometer, because it can only measure voltage, can be used to calibrate 
a voltmeter but not an ammeter. 

In calibrating a voltmeter, the correction may be either positive or negative. 


The ammeter—voltmeter method of measuring resistance is one of the most 
accurate methods available. 

If a 15-V 3%-accurate voltmeter indicates 7.5 V and a series-connected 10-mA 
range 4% accurate milliammeter indicates 10 mA, the resistance and its maxi- 
mum percentage error are 


a. 7500, 7% 
b. 75 QO, 7% 
c. 750 0, 10% 


d. 7.5 kQ, 10% 

When using the ammeter—voltmeter method to measure high resistance, the 
voltmeter should be connected directly across the resistor. 

A series-type of ohmmeter, like all analogue ohmmeters, has a zero-ohms con- 
trol. 

A series type of ohmmeter has a large change in indicated resistance as the 
battery voltage drops. 


A series type of ohmmeter is especially suited for making low-resistance mea-. 


surements. 

A shunted-series type of ohmmeter is used for multirange ohmmeters and has 
a low center-scale resistance. 

Failure to be able to zero an ohmmeter (especially on the X-1 range) is an 
indication that the main battery needs replacing. 

An ohmmeter in a VOM cannot be zeroed on the highest range, but it can on 
the lowest. This may be an indication that the additional cells were not in- 
stalled. 
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13-17. In a balanced Wheatstone bridge, the products of the adjacent resistor arms are 
equal. 

13-18. At balance, no current flows through the galvanometer in a Wheatstone bridge, 
sO meter accuracy is unimportant. 

13-19. In measuring an unknown resistance, the choice of location of the battery and 
galvanometer gives the same result. 

13-20. In a commercial Wheatstone bridge the ratio arms are usually adjusted as mul- 
tiples or submultiples of 10 and become the multiplier factor. 

13-21. A Wheatstone bridge can be used only for measuring resistance. 

13-22. A digital multimeter can also measure ac current while most analogue multi- 
meters do not. 


REVIEW QUESTIONS 


1. Describe the principle of a no-load voltmeter. 

2. Describe briefly the complete procedure for using a potentiometer to measure an 
unknown emf. 

3. a. Why doesn’t the accuracy of the galvanometer affect the accuracy of voltage 
determination in a potentiometer or resistance determination in a Wheatstone 
bridge? 

b. What is a very desirable characteristic for a galvanometer in these applica- 
tions? 

4. A standard cell has a high internal resistance of approximately 500 0. Why 
doesn’t this affect the accuracy of voltage measurement? 

5. a. What is the maximum voltage measurable by a potentiometer? 

b. How can this be extended? 
c. What disadvantage does this have? 

6. Describe the process of calibrating an ammeter. 

7. Given an accurately known resistance, suggest how you could use a potentiometer 
to make an accurate measurement of another resistor similar in value to the first. 

8. If you were using the ammeter—voltmeter method for measuring circuit resistance, 
what visual indications would you have on the meters as you tried to decide where 
the voltmeter should be placed for the following circuits? 

a. A high-resistance circuit. 
b. A low-resistance circuit. 

9. When determining resistance by applying Ohm’s law to voltmeter and ammeter 
readings, under what conditions will the maximum possible error be given by the 
following sums? 

a. The sum of the FSD accuracies of the two meters. 
b. Twice the sum of the FSD accuracies of the two meters. 

10. Give a simple explanation of why an ohmmeter scale must be nonlinear. 

11. Why are most VOM ohmmeter scales of the “‘back-off’’ type? 

12. Why does a series type of ohmmeter inherently have a high center-scale resis- 
tance? 

13. Why does a reduction in voltage in a series-type ohmmeter cause the indicated 
resistances to be high? 

14. In a shunted-series type of ohmmeter, why is it more likely to be unable to zero 
the instrument on the R X 1 range than on a higher range? 
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15. 


What is often necessary in many VOM ohmmeter circuits to be able to make 
measurements on the R <X 10 k range? 


b. Why is this so? 
16. a. Why does no current flow through the galvanometer of a balanced Wheatstone 
bridge? 
b. If, in Fig. 13-9a, at balance, a connection were made from B directly to C, 
would this upset the balanced conditions? Explain. 
17. Why are two of the resistors in a Wheatstone bridge referred to as the ‘‘ratio 
arms’’’? 
18. Why should interchanging the locations of the dc supply and galvanometer have 
any effect upon the power dissipations in the Wheatstone bridge circuit? 
19. What are four advantages that digital multimeters have over most analogue mul- 
timeters? 
20. a. How does the error on a digital multimeter measurement differ from that on 
an analogue instrument? 
b. Does minimum percent error occur for readings near full scale on a digital 
multimeter as it does for an analogue multimeter? 
PROBLEMS 
(Answers to odd-numbered problems at back of book) 

13-1. A potentiometer is being used to calibrate a dc voltmeter on the 1.5-V range. 
The largest correction occurs when the voltmeter indicates 1.3 V. At this value, 
the two dials of the potentiometer indicate 1.2 V and 53 mV. Calculate: 

a. The true reading of the voltmeter. 
b. The correction in mV in magnitude and sign. 
c. The percent FSD accuracy of the meter. 

13-2. A potentiometer is being used to calibrate a 100-mA range milliammeter. The 
largest correction occurs when the milliammeter indicates 60 mA. At this 
value, the two dials of the potentiometer indicate 0.5 V and 76 mV, when 
connected across a standard 10-Q resistor connected in series with the amme- 
ter. Calculate: 

a. The true reading of the milliammeter. 
b. The correction in magnitude and sign. 
c. The percent FSD accuracy of the meter. 

13-3. A potentiometer is being used to measure resistance. A standard 10-Q 0.1% 
resistor is connected in series with the unknown resistor, and the combination 
is connected to a dc supply. When the potentiometer is connected across the 
10-Q, resistor, it indicates 0.105 V at balance; across the unknown resistor it 
indicates 1.189 V. If the potentiometer is accurate to 0.5% calculate: 

a. The unknown resistance. 
b. The accuracy of the measured resistance. 
13-4. A voltmeter is being calibrated on the 300-V range using a volt-box with a 


maximum 300-V input and maximum 1.5-V output. When the voltmeter indi- 
cates 180 V, the maximum correction occurs for dial readings on the poten- 
tiometer of 0.9 V and 35 mV. If the volt-box is 0.1% accurate and the poten- 
tiometer 0.2%, calculate: 
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a. The true reading of the voltmeter. 
b. The correction in magnitude and sign. 
c. The percent FSD accuracy of the voltmeter. 
d. The accuracy to which the determination in part (c) is made. 

13-5. A resistor is being measured using the circuit of Fig. 13-5a. A 15-V range, 
3%-FSD accuracy voltmeter indicates 10 V; and a 1-mA, 100-9, 4%-FSD 
accuracy milliammeter indicates 0.5 mA. Calculate: 

a. The resistance. 
b. The maximum possible error. 

13-6. Repeat Problem 13-5 assuming that both meters indicate FSD. 

13-7. A resistor is being measured using the circuit of Fig. 13-5b. The 100-mA range 
milliammeter indicates 60 mA, and the 5 kQ/V voltmeter indicates 3 V on the 
5-V range. If both meters have a 3% FSD accuracy calculate: 

a. The resistance. 
b. The maximum possible error. 

13-8. Repeat Problem 13-7 assuming that both meters indicate 50% of FSD. 

13-9. Given a 0-100-pA, 2-kQ meter movement, determine the resistance markings 
every 20 wA when used in a series-type ohmmeter with two 1.5-V cells. 

13-10. Repeat Problem 13-9 using a 0—200-pA, 5-kO, meter movement, every 40 WA. 
13-11. a. Assuming that each cell in Problem 13-9 decreases by 0.1 V, calculate the 
true resistance being measured when the meter indicates 60 pA. 
b. Using the resistance marking for 60 wA from Problem 13-9, determine the 
additional error introduced by the aging batteries. 
c. What could the total battery voltage drop to before being unable to zero 
the ohmmeter? 
13-12. A series-type ohmmeter consists of a variable zeroing rheostat in parallel with 
the meter movement and this combination in series with a fixed resistor R, and 
a 1.5-V cell. If the meter movement is a 3-kQ, 50-~A FSD, and the center- 
scale resistance marking is to be 25 kQ, calculate: 
a. The value of R, and the zero-ohms control value. 
b. The new value of the zero-ohms control when the voltage drops to 1.4 V. 
c. The true resistance being measured when the ohmmeter indicates its cen- 
ter-scale resistance reading. 
d. The percentage change in center-scale resistance due to a drop of 0.1 V. 
e. Compare the results with the percentage change of center-scale resistance 
in Examples 13-5 and 13-6. 
13-13. Given a shunted-series type of multirange ohmmeter as in Fig. 13-7 with Rg, 
= 120, Ry = 1200, Ry = 1.2 kO, andl, = 50 pA, R,, = 3 kO, V = 
3 V. calculate, with the range switch on R X 1: 
a. The current through R,, and the movement when Rk, = ©. 
The value of R, to zero the ohmmeter. 
The current through R,,; when R, = 0. 
The current through R,,; and the movement when R, = 12 0. 
The current through R, and the movement when the range is changed to 
R X 10 and R, = 1200. 
f. The resistance markings at 25% and 75% of FSD. 
13-14. Repeat Problem 13-13 using a 100-wA, 5-kQ meter movement and a 1.5-V 
cell. 
13-15. If the range selector switch in Example 13-7 has a fourth position, where no 
shunt is connected into the circuit, determine the multiplier for this position. 
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13-16. Repeat Problem 13-15 as applied to Problem 13-13. 

13-17. A Wheatstone bridge has the following values at balance, using the notation in 
Fig. 13-9: Ro/R, = 10 to an accuracy of 0.5%, R = 4.52 0, +0.1%. 

If the dc supply is 9 V, calculate: 

The value of R,. 
The accuracy of the determination of R,. 
The current through R,, at balance. 
If three of the resistors in a Wheatstone bridge are each 5 kQ., +1%, what 
must be the value of the fourth at balance? 
b. What range of values could the fourth resistor have? 
c. What would be the total resistance seen by the battery at balance? 

13-19. Using the notation in Fig. 13-10a, a student-built Wheatstone bridge consists 
of R; = 10 kQ, +2%, Ry = 220 kM, +1%. Bridge balance occurs when R 
is adjusted to 4.75 kQ, +0.1%. Calculate: 

a. The unknown resistance. 

b. The maximum possible error. 

c. The current through R, if a 6-V battery is used. 
d. The power dissipated in R,. 

13-20. Repeat Problem 13-19 with R; = 2.2 kQ, +1%. 

13-21. Repeat Problem 13-19 with the positions of the galvanometer and battery in- 
terchanged. 

13-22. Repeat Problem 13-20 with the positions of the galvanometer and battery in- 
terchanged. | 

13-23. A digital multimeter has accuracies given by the data in Table 13-2. It is being 
used as a de voltmeter. Determine the possible reading and the percentage error 
when making a measurement of 1 V on: 

a. The 1-V range. 
b. The 10-V range. 

13-24. Repeat Problem 13-23 for the multimeter being used to make ac voltage mea- 
surements at 1 kHz. 

13-25. A digital multimeter has accuracies given by the data in Table 13-2. It is being 
used as a dc milliammeter on the 10-mA range. Determine the possible reading 
and the percentage error when making a measurement of 
a. 2mA. 

b. 9OmA. 

13-26. Repeat Problem 13-25 for the multimeter being used to make ac current mea- 
surements at 10 kHz. 

_ 13-27. a. By how many ohms could the multimeter of Table 13-2 be in error when 

it indicates 820 kQ on the 1-MQ, range? 

b. What percentage accuracy does this represent? 
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Earlier, you learned about the magnetic field that is created 
around a conductor by current flowing through that conductor. In 
this chapter, you will investigate how a current can be induced in 
a conductor by placing it in a changing magnetic field. This 
process, called electromagnetic induction, is used by ac 
alternators and dc generators. The amount of voltage induced in a 
conductor is given by Faraday’s law (Section 14-3), and the 
polarity of that voltage by Lenz’s law (Section 14-2). 


lf a coil is rotated in a fixed magnetic field, a voltage is 
produced that alternates in polarity (ac or alternating current). The 
waveform of this voltage can be made to have a sinusoidal 
variation. That is, its instantaneous value of induced emf depends 
upon the sine of the angle that the coil makes with the magnetic 
field. The factors that determine the amplitude and frequency of 
the induced sine wave of voltage will also be considered. Practical 
dc generators and three-phase ac alternators will be discussed in 
this chapter as well. 





ELECTROMAGNETIC INDUCTION 


14-1 ELECTROMAGNETIC INDUCTION 
In the process of electromagnetic induction, a voltage 
is induced in a conductor whenever there is relative 
motion between that conductor and a magnetic field. 
One of the ways of producing such a relative motion is 
shown in Fig. 14-1. In this case, the conductor is being 
moved through a stationary (fixed) magnetic field. The di- 
rection and strength of the magnetic field is represented by 
lines of force. In Fig. 14-la, the conductor is said to be 
‘‘cutting’’ the magnetic field (moving in a line across the 
lines of force). Note the polarity of the voltage induced in 
the conductor, and compare it to the polarity of the in- 
duced voltage in Fig. 14-1b, where the conductor is 
moved in the opposite direction. Reversing the direction of 
motion reverses the polarity of the induced voltage. Mov- 
ing the conductor parallel to the lines of magnetic force 


ty © 





(a) Polarities of induced voltage and 
current are due to moving the 
conductor to the right 





(c) No voltage is induced when the conductor 
is moved parallel to the magnetic field 


Vertical 
motion 


279 


produces no induced voltage, since it is not cutting any of 
the lines in the field. 

The same effects can be produced by holding the con- 
ductor stationary and moving the magnetic field. The basic 
requirements for electromagnetic induction are relative 
motion and the cutting of the lines of force. (Section 14-3 
will discuss modification of the cutting requirement.) 

What is the source of the emf produced in the conduc- 
tor? In Section 11-10, you learned that a magnetic field 
exists at a point if a force is exerted on a moving charge 
at that point (F = qvB). By moving the conductor, the 
free electrons within that conductor are made to move 
through the magnetic field. As a result, a force is exerted 
on those free electrons, making them move from one end 
of the conductor toward the other. This causes a concen- 
tration of electrons at one end and a deficiency at the 
other. In other words, a potential difference has been gen- 





(6) Polarities of induced voltage and 
Current are reversed because of the 
conductor’s motion in the opposite direction 






FIGURE 14-1 
Electromagnetic induction. 
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erated that can cause current to flow around an externally 
connected circuit. It is important to note that the polarity 
signs in Fig. 14-1 indicate a source of emf, not a voltage 
drop caused by the current. 

The force needed to move the electrons is supplied by 
the external force applied to the conductor (applied force). 
If the applied force is increased, moving the conductor 
through the field more quickly, a higher voltage is in- 
duced. The polarity of this voltage is determined by the 
application of Lenz’s law. 


14-2 LEN2Z’S LAW 


The polarity of the induced emf is such that any cur- 
rent resulting from it produces a magnetic flux that op- 
poses the motion or change producing the emf. 

Basically, Lenz’s law states that the polarity of the in- 
duced emf opposes the cause that produced the emf. This 
is shown in Fig. 14-2a, where the conductor is being 
moved to the right. The polarity of the induced emf causes 
current to flow ‘‘into’’ the paper (the direction is indicated 
by the cross symbol in the conductor). The current sets up 
a magnetic field around the conductor in a clockwise direc- 
tion. (This can be established by applying the “‘right-hand 
rule’’ described in Chapter 11.) The result is a strength- 
ening of the overall field to the right of the conductor and 
a weakening to the left of the conductor. A ‘‘motor ac- 
tion’’ force, or magnetic repelling effect, is developed on 
the conductor in a direction opposed to the applied force. 
Thus, work must be done by the externally applied force 
to develop the emf, as stated by Lenz’s law.* 

In Fig. 14-2b, the applied force is in the opposite direc- 
tion, reversing the polarity of the induced emf, so the 
magnetic repelling effect (opposing force) is developed on 
the opposite side of the conductor. Later in this chapter, 
you will have other opportunities to apply Lenz’s law. 


14-3 FARADAY’S LAW 


The more rapidly a conductor is moved through a magnetic 
field, the larger the voltage that will be induced. The volt- 


*The polarity of the induced emf may also be obtained by the Right- 
Hand Generator Rule: Hold the thumb and first two fingers of the right 
hand mutually perpendicular to each other. With the thumb pointing in 
the direction of conductor motion (applied force), and the first finger 
pointing in the direction of the magnetic flux, the second finger points in 
the direction of induced current or from — to + of the induced emf. 
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Field strengthened 
Field #Y causes resisting force 
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(6) Induced current out of 
the paper due to an 
applied force to the left 


(a) Induced current into the paper due 
to an applied force to the right 


FIGURE 14-2 
Using Lenz’s law to determine the polarity of 
induced emf. 


age may also be increased by using a stronger magnetic 
field. These two effects are combined in Faraday’s law: 
Vind = mi volts (14-1) 
where: Ving 1S the emf induced in a conductor, in volts (V) 
A® is the magnetic flux cut by the conductor, in 
webers (Wb) 
At is the time required for the conductor to move, 
in seconds (s) 
A®/At is the rate at which magnetic flux lines are 
cut by the conductor, in webers per second (Wb/s) 


The symbol A means “‘change,’’ so A® means a 
change in the magnetic flux, and At means a change in 
time. At is used here to refer to an interval of time equal 
to t) — t,, where f, is the final time and f¢, is the initial 
time. Similarly, AD = ®, — Q, is a quantity of flux cut 
by the conductor in the time interval At. 

Thus Faraday’s law states that the voltage induced 
in a conductor is directly proportional to the rate at 
which the magnetic flux is cut by the conductor. 





EXAMPLE 14-1 


The magnetic field strength between the pole faces of a 
horseshoe magnet is 0.6 T (Wb/m*). The pole faces are 
2 cm square. Calculate the voltage induced in a wire if it 


FARADAY’S LAW 


is moved perpendicularly through the field at a uniform 
rate in 


a. 0.15 
b. 0.01 s 
Solution 


a. The flux cut by the wire can be calculated from 
® = BA (11-1) 
or A® = B x AA 
7 06-3 x (2 x 107? m)? 


24x 10°*Wb 


A® 

Vind = At 

2.4 x 10°* Wb 
0.1s 

= 2.4 x 10°* Wb/s 

A® 

At 

2.4 x 10°* Wb 
0.01 s 

= 2.4 x 10°? Wb/s 


(14-1) 


2.4mV 


b. Vind = (14-1) 


24 mV 


Note that the length of the conductor is not important, 
so long as it cuts through all of the flux. The voltage de- 
pends only on the rate at which the flux is cut. 

Now, the unit of magnetic flux, the weber, can be for- 
mally defined: 





NN RD TF 


FIGURE 14-3 
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The weber is the amount of magnetic flux that, 
when cut at a constant rate by a conductor in 1 s, will 
induce an emf of 1 V in the conductor. (1 volt = 1 
weber/second) 

So far, you have considered the emf generated when a 
single wire is moved through a magnetic field. If the con- 
ductor consists of a number of wires, series-connected as 
in the turns of a coil, the induced emf is increased accord- 


ingly: 


A® 
Ving = N ae volts (14-2) 


where the symbols are as in Eq. 14-1 and N equals the 
number of turns in the coil. 


EXAMPLE 14-2 


The north end of a permanent magnet is moved into a 

solenoid as in Fig. 14-3. If the coil is cut by magnetic flux 

lines at the rate of 0.03 Wb/s, determine: 

a. The voltage induced in the coil of 100 turns. 

b. The polarity of induced voltage in the coil. 

c. The effect of withdrawing the magnet at twice the 
speed. 


Solution 


a. Vind = n(*2) 


100 x 0.03 Wb/s = 3 V 


(14-2) 


Induced 
J magnetic 
RB polarity 


Induced current 


Using Lenz’s law to determine the polarity of induced emf when a permanent 


magnet is moved toward a solenoid. 
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b. By Lenz’s law, the current must flow in the coil in 
such a direction as to set up an opposing force. This 
means that the left side of the solenoid must become 
a north pole while the permanent magnet is ap- 
proaching. Applying the right-hand rule for a coil, the 
current must flow upward on the front of the coil. 
This means that point A is positive with respect 
to B. 

c. If the magnet is removed at twice the speed it en- 
tered, the rate of change of flux in the coil, = is 
doubled to 0.06 Wb/s, and the induced voltage is 
doubled to 6 V. 

The polarity of the induced voltage is reversed to set 
up a south pole at the left side of the solenoid. This at- 
tempts to keep the north pole of the permanent magnet 
from being removed. 





A galvanometer connected between A and B will deflect 
alternately to the left and to the right as the magnet is 
moved in and out of the coil. As this indicates, an alter- 
nating current is produced by the movement of the mag- 
net. Whenever the magnet stops moving, as at the end of 
travel in one direction before moving in the opposite direc- 
tion, the induced voltage drops to zero (as required by Far- 
aday’s law). 

This is the principle used in the dynamic microphone 
shown in Fig. 14-4. The sound-pressure waves cause a 
flexible cone to move in and out. A coil attached to the 
cone, as a result, moves back and forth in the field of a 
permanent magnet. The voltage induced in the coil varies 


Coil attached 
to cone 





(a) Undirectional dynamic microphone 


Permanent 
magnets 
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(b) Cross-sectional view through a dynamic microphone 
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in frequency with the sound waves that caused the motion 
of the cone and coil. 

This variable voltage, when properly amplified, can be 
used to drive a loudspeaker (as described in Section 11- 
12). The action of the microphone is the reverse of the 
speaker’s action. This allows the use of the same device 
(for example in a walkie-talkie or intercom) for both func- 
tions. Depending on whether the unit is being used to 
transmit or receive, the device converts sound into electric 
current or electric current into sound. 

Faraday’s law is also useful for applications where no 
cutting of the magnetic field appears to take place. This 
occurs when two coils are wrapped on a common iron 
core, as in Fig. 14-5. A toroid (‘‘doughnut-shaped’’) core 
restricts all the magnetic flux to within itself. If the current 
in the first coil is made to change by varying a rheostat, a 
changing magnetic field is set up in the core. The magnetic 
flux enclosed by the second coil changes, inducing a volt- 
age. (This is the principle of the transformer.) The polarity 
of the induced voltage can be obtained by applying Lenz’s 
law, as in Example 14-3. In effect, a voltage is induced 
whenever a change in flux around a conductor takes place. 
This is true whether the conductor moves through a mag- 
netic field or the field moves (changes) about a stationary 
conductor. 





EXAMPLE 14-3 


Refer to Fig. 14-5. The rheostat is decreased in value in 
such a way as to cause the magnetic flux in the core to 


Flexible cone 


FIGURE 14-4 

Dynamic microphone. 
(Photograph courtesy of 
Shure Brothers Inc.) 
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Resistance reduced, 
Current increased 


® increasing 


Induced flux 





(a) An increasing current in coil A sets up an 
increasing field in the core. The induced current 
in coil B sets up a flux that opposes the increase 


Resistance 


inereased ® decreasing 


Induced flux 





(6) A decreasing current in coil A reduces the 
field in the core. The induced current 
in coil B sets up a flux that opposes 
the decrease 


FIGURE 14-5 
Application of Faraday’s and Lenz’s laws to coils on 
a common core. 


increase uniformly from 1 x 10°~* Wb to 10 x 10°* Wb 

in 3s. After a delay of 2 s, the rheostat is then increased, 

causing the flux to drop uniformly to its initial value in 1.5 

s. Coil B has 100 turns. 

a. Draw a graph showing how magnetic flux changes in 
the core. 

b. Underneath the above graph, draw a second graph 


A® 
showing the quantity Ar 


c. Draw a third graph indicating the voltage induced in 
coil B. 
d. Show polarity signs of induced voltage on the sec- 


ond coil for when the flux is increasing and decreas- | 


ing. 


Solution 


a. The uniform increase and decrease of the flux in the 
iron core is shown in Fig. 14-6a. 
b. The rate of change of flux during the first 3 s is given 


by 
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®, Flux, Wb 
10 x 10-4 





Constant 
positive 
slope 


Constant 


yf Nesatve slope 


Time, s 






1 x 10-4 
0 0 3 5 6.5 


(a) Variation of flux in iron core of Fig. 14-5 


Time, s 


—6 x 10-4 





(6) Rate of change of flux in iron core 


0 Time, $ 


—60 


(c) Induced voltage in coil B 


FIGURE 14-6 
Waveforms for Example 14-3. 


A® 10 x 10°*— 1 x 10°* Wb 
At a=0¢ 
9 x 10°* Wb 
35S 
= 3 x 10°* Wb/s 


The flux decreases at a rate given by 


Ad 1x 10°* — 10 x 107* Wb 
At 65 —5s 
—~9 x 10°* Wb 
15s 
= —6 x 10°* Wb/s 


These quantities are actually the slopes of the flux 
variation graph and are plotted as positive and neg- 
ative quantities, as in Fig. 14-65. 


A® 
C. Ving = n(22) (14-2) 
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When the flux is increasing, 

Vng = 100 x 3 x 10°*V = 30 mV 
When the flux is decreasing, 

Ving = 100 x (-6 x 10°*) V = —60 mV 


These voltages are plotted in Fig. 14-6c. 

d. The polarities of the induced voltages are indicated 
in Fig. 14-5. When the current increases in coil A, 
the flux enclosed by coil B also increases. The in- 
duced current in coil B flows in such a direction as 
to set up a flux that opposes the flux increase due to 
coil A. When the current in coil A decreases, as in 
Fig. 14-5b, the induced voltage has the opposite po- 
larity. The current in coil B now tends to maintain the 
decreasing flux. That is, it is opposing the change in 
core flux, not the flux itself. 


INDUCED EMF DUE TO 
CONDUCTOR MOTION IN A 
STATIONARY MAGNETIC FIELD 


14-4 


Faraday’s law is uniquely suited to the situation described 
in Example 14-3, where the flux is changing within a sta- 
tionary coil. But in the case of a conductor moving 
through a stationary magnetic field, it is convenient to ex- 
press the induced voltage in terms of more readily mea- 
sured quantities. 

Assume that the conductor in Fig. 14-7 is moved 
through a distance As in time At. If the magnetic field is 
uniform, the conductor cuts through a total flux (A®) 
given by 


A®=BxX<A (11-1) 
where A is the area = / X As. Then 
A® 
a 14-1 
Vind At ( ) 
_BXI1xX As 
7 At 
=BxI1x a 
7 At 
As , 
But At 3S the velocity (v) of the conductor. Thus 
Vind = Blv volts (14-3) 


where: Ving 1S the emf induced, in volts (V) 
B is the flux density of the field, in teslas (T) 
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FIGURE 14-7 
Quantities involved in vin = Biv. 


1 is the active length of the conductor, in meters 
(m) 
v is the velocity of the conductor, in meters per 
second (m/s) 
If N conductors are series-connected, the total voltage 
induced is 


Ving = NBlv volts (14-4) 


EXAMPLE 14-4 


A car with a 0.8-m vertical radio antenna is traveling due 
west at 90 km/h (approximately 56 mph). If the horizontal 
component of the earth’s magnetic field is 1.7 x 10~° T 
at this point, calculate: 

a. The voltage induced in the antenna. 

b. The voltage if the car travels due north. 





Solution 
a. 90 km/h = 90 x 10°mM/h x 1h _ oe 
3600s 
Vind = Blv (14-3) 


| 


1.7 x 10°° Wbh/m? x 0.8m x 25m/s 
= 34 x 10°°V = 340 pV 


b. No voltage is induced when traveling north, since the 
antenna is traveling with the field and not cutting 
across it. 


NOTE The voltage induced in part (a) is dc, and while relatively 
large, it has no effect on the radio, since the radio reacts to RF 
(radio frequency) or ac signals from a transmitting station. 


INDUCED EMF DUE TO CONDUCTOR MOTION IN A STATIONARY MAGNETIC FIELD 


14-4.1 Effect of Angle on Induced 


Eleetromotive Force 


Equation 14-3 gives the maximum induced voltage (V,,,) 
when the motion of the conductor is at a right angle to the 
field. (See Fig. 14-8a.) As you have seen in Example 14- 
4, no voltage is produced when the motion of the conduc- 
tor is parallel to the field. (See Fig. 14-8c.) The voltage 
produced for an angle between these two extremes, as in 
Fig. 14-8b, is given by: 


Vina = V,, Sin 9 volts (14-5) 


where: V;,q 1s the emf induced, in volts (V) 
B is the flux density of the field, in teslas (T) 
/ is the active length of the conductor, in meters 
(m) 
v is the velocity of the conductor, in meters per 
second (m/s) 
§ is the angle between the magnetic field and the 
direction of motion of the conductor 
sin 9 is a trigonometric ratio, between O and 1 (see 
Appendix F) 
Vin = Blv is the maximum voltage that can be in- 
duced in volts (V) 
Appendix E provides additional explanation of this 
topic. 





B B 


(a) Conductor moves at 
90° through the field. 
Maximum voltage in- 
duced, V 


FIGURE 14-8 
Effect of direction angle on induced 


(b) Conductor moves at 
angle © through the 
field. Less than 
maximum voltage in- 
duced, V_sin® 


voltage. 
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EXAMPLE 14-5 


a. What is the maximum voltage that can be induced in 
a 10-cm-length conductor moving at 20 m/s through 
a magnetic field of flux density 0.7 T? 

b. What voltages are induced in this conductor when 
moving at angles of 60°, 30°, and 10° through the 


field? 
Solution 
a. V,, = Blv (14-3) 
= 0.7 Wb/m* x 0.1m x 20 m/s 
= 1.4V 
b. Vind = Vie sin 6 (14-5) 
0 = 60°, Vind = 1.4 V x sin 60° 


1.4V x 0.866 = 1.21 V 
6 = 30°, Ving = 1.4 V X sin 30° 


=14Vx05=07V 
8 = 10°, Ving = 1.4 V X sin 10° 
= 1.4V x 0.174 = 0.24V 





The variation of induced voltage as the angle changes 
in Example 14-5 occurs continually in alternating current 


B 


(c) Conductor moves at 
O° through the field. 
Zero voltage induced 
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generators. That is, the constantly changing angle 8 (in 
rotary motion) is responsible for generating a sinusoidal 
alternating current. 


14-5 ELEMENTARY AC GENERATOR 


To generate an emf continually, it is simpler to rotate a 
conductor in a magnetic field than to move it back and 
forth. The arrangement of the rotating conductor and the 
fixed magnetic field is illustrated in Fig. 14-9. 

Mechanical power is used to rotate a coil in the mag- 
netic field, inducing an emf in the series conductors A and 
B. This voltage is made available for external use by two 
brushes riding on slip rings that rotate with the coil. The 
brushes are connected to an external circuit and the load. 

Some of the angular positions assumed by conductors A 
and B as the coil makes one complete revolution are shown 
in Fig. 14-10. The induced voltage in a given conductor 
varies instantaneously with the changing angle between the 
direction of motion and the magnetic field, as described in 
Section 14-4.1. Thus, when 60 = O° in Fig. 14-10a, no 
voltage is induced, since the conductors are not cutting any 
lines in the magnetic field. When @ = 90°, the induced 
voltage is at its maximum, since the maximum rate of cut- 
ting is taking place. (See Fig. 14-10c.) 

After half a revolution (Fig. 14-10e), the induced volt- 
age again drops to zero. Voltage is again being induced 


Input mechanical 
power 


ee 


Rotating conductors 
(armature) 


Magnetic flux 


<< 
Rotating fe XK > a” 
slip rings | ed 
CUS 













Stationary 
brushes 


Load 


FIGURE 14-9 
A simple ac generator. 
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when 0 = 225°, as shown in Fig. 14-10f. Note, however, 
that the direction of induced current has reversed, com- 
pared to the direction during the first half of the revolution. 
The voltage generated between the two brushes (shown in 
Fig. 14-9) thus alternates and follows a sinusoidal varia- 
tion given by Ving = Vm Sin 9. 


14-6 THE SINE WAVE 
The shape of the voltage waveform produced by the ac 


generator may be obtained by graphing the values of Ving 
against selected values of 6 in the equation 


Vind = Vin sin 0 (14-5) 


— 4 
B ds 


(a) 6 = O°, Vind = O 


ee 


(c) o= oU", Vind = Va 


(b) = 45°, Vind = 0.707 Veg 


N —— 5 
Poi 


U 


(d) 9 = ls) Vind = 0.707 Ve 





B 
Ou B 
— 
Delo 
v~<O 
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(e) 6 = 180°, ving = 0 


« (SEF) s 


(g) é= ZIV, Vind =-V 


(/) 6 = 225°, Ving = -0.707 V,, 


(h) G= 315°, Vind = —0.707 Vin 


m 


A 
O>vU 
a 
U~<O 
B 
(i) 6 = 360°, u,,, = 0 
FIGURE 14-10 


Various angles and corresponding induced voltages 
during one revolution of a simple ac generator. 


FACTORS AFFECTING THE AMPLITUDE OF A GENERATOR’S SINE WAVE 


The result is shown in Fig. 14-11 for a complete revo- 
lution from 8 = 0° to @ = 360°. This is called a cycle, 
since the variation in voltage (for every 360° revolution) 
will repeat itself. Note that the sine wave consists of four 
symmetrical segments, each like the first 90° interval. 

For example, note that when 0 = 135°, 


Vind = Vs sin 135° = 0.707V,,, 
the same as when 0 = 45°. Also, when 8 = 225°, 
Vind = Vin sin 225° = —(0.707V,, 


or the negative of the value when 8 = 45°. 

The maximum value of a sine wave (V,,) is known as 
the amplitude of the wave, and is often referred to as the 
peak value. In oscilloscope measurements, it is often more 
convenient to find the peak-to-peak value. As shown in 
Fig. 14-11, this is the total voltage from the positive peak 
to the negative peak. That is, for symmetrical waves such 
as a pure sine wave, 


(14-6) 


EXAMPLE 14-6 


The peak-to-peak value of a sine wave of voltage is 50 

V. Determine: 

a. The peak voltage or amplitude. 

b. The instantaneous voltages at one-third, three-fifths, 
and one-and-a-quarter cycles. 





Solution 
a. Vo» = 2Vm (14-6) 
Therefore, V,, = wae 







Vind 

Vg 
0.707 V 

ms Peak-to-peak 
value 
0 
45 90 
-0.707 V,, —-—_________—_—_—— 

-V 
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50 V 
aie wie 25 V 
360° 
b. At3zofacycle, 6 = a 120° 
v = V,, sin 0 (14-5) 
= 25V x sin 120° 
= 25V x 0.866 = 21.7 V 
At 2 of a cycle, 6 = 360° x : = 216°. 
v = V,, sin 0 (14-5) 


= 25V x sin 216° 
25 V x (—0.588) = -—14.7 V 
At 14 cycles, 8 = 360° x 14 = 450°. 
v = V,, sin 9 
= 25V x sin 450° 
=25Vx1=25V 


(14-5) 


NOTE One-and-a-quarter cycles corresponds to a quarter of a 
cycle or 90° where v = V,,. Note also, that the use of a scientific 
calculator permits the sine of any angle to be obtained directly. 
It is not necessary to convert the angle to one that lies in the 
first quadrant (0 — 90°) unless you are using a set of trigono- 
metric tables that are so limited. 


14-7 FACTORS AFFECTING THE 
AMPLITUDE OF A GENERATOR’S 
SINE WAVE 


The faster the generator’s coil rotates in the magnetic field, 
the higher will be the induced voltage. Other factors af- 


Angle 6, degrees 


FIGURE 14-11 
A sine wave of voltage. 
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fecting amplitude (peak value) of the wave are considered 
in Appendix G. The following equation results: 


Vin = 27nBAN volts (14-7) 


where: V,, is the peak voltage generated, in volts (V) 
n is the speed of rotation of the coil, in revolutions 
per second (rps) 
B is the flux density of the magnetic field, in teslas 
(T) 
A is the area of the rotating coil in square meters 
(m’) 
N is the number of turns in the rotating coil 
For any given machine, A and W are fixed. B and n, 
however, may be varied to control the frequency and out- 
put voltage. 


EXAMPLE 14-7 


An ac generator runs at 1200 rpm and uses a flux den- 
sity of 0.6 T. The length of the rotating coil is 40 cm with 
a radius of 10 cm. If the coil has 50 turns, calculate the 
amplitude of the voltage produced. 


Solution 


1200 
n = 1200 rpm = “60 ‘PS = 20 rps 


ON 
N S 
No 
B 
Vind 
Ve Ve 
@) Time 0 
-V -V 


— es Le — 


(6) Two pairs of poles produce 
2 cycles in 1 mechanical revolution 


(a) One pair of poles produces 
1 cycle in 1 mechanical revolution 


GENERATING AG AND DO 


WD 
| 


= 06T 
A = length x diameter 
= 40 x 10-2 x 2 x 10 x 10°-*m? = 8 x 10°? m? 


N = 50 

Vin = 2nnBAN (14-7) 
= 20 X 20 rps x 0.6T x 8 x 10° *m?* x 50 
= 301.6 V 


14-8 FACTORS AFFECTING THE 
FREQUENCY OF A 
GENERATOR’S SINE WAVE 


The simple ac generator shown in Fig. 14-9 had one pair 
of poles, and required one full mechanical revolution of 
the coil to induce one cycle of voltage. (See Fig. 14-12a.) 
Thus, if the coil is rotated at a steady n revolutions per 
second, that same number of complete cycles of voltage 
will be produced every second. The number of cycles of 
voltage produced in one second is called the frequency (f). 
If the coil completes 60 revolutions in a second, a voltage 
with a frequency of 60 cycles per second is generated. The 
unit of 1 cycle per second (1 cps) is called 1 hertz (Hz). 
Thus, 60 cps = 60 Hz. 

Figure 14-12b shows the addition of a second pair of 
poles to the generator. Assuming that the coil rotates at the 





Time 


FIGURE 14-12 

Effect of the number of pairs of 
poles on the frequency of a 
generator running at a fixed 
speed. 


PRACTICAL ALTERNATORS 


same speed as before, it will generate a complete cycle of 
voltage every half revolution. That is, a conductor cuts the 
lines of force between a north and a south pole during that 
half revolution, producing a complete cycle of voltage. At 
the end of one full mechanical revolution (360°), two com- 
plete cycles of voltage have been produced, amounting to 
720° electrical degrees. If the coil rotates at 60 rps, this 
generates a voltage with a frequency of 120 Hz. (See Fig. 
14-12.) 

Clearly then, combining the effects of speed and mag- 


netic poles, 
f = pn hertz (14-8) 


where: f is the frequency of the induced emf, in hertz (Hz) 
p is the number of pairs of poles 
n is the speed of rotation, in revolutions per second 


(rps) 


EXAMPLE 14-8 


At what speed in rpm must the rotor of a water turbine 
turn if it is to produce voltage at a frequency of 60 Hz in 
a machine having a total number of 30 poles? 


Solution 
_ 30 | 
Number of pairs of poles, p = > = 15. 


(14-8) 


0 Hz 
15 





= 4rps = 240 rpm 


As the frequency of a voltage increases, the time 
needed to generate one complete cycle decreases. The time 
needed to generate one cycle is called the period of the 
wave (T). The period is the reciprocal of the frequency (/), 
or 
(14-9) 


1 
r=- seconds 
f 


1 
and ve = hertz (Hz or s~') (14-9a) 


where: T is the period of the wave, in seconds (s) 
fis the frequency of the wave, in hertz (Hz) 
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EXAMPLE 14-9 


a. What is the period of a 60-Hz voltage? 
b. What is the frequency of a waveform that has a pe- 


riod of 1 ms? 
Solution 
1 
a4. [= 7 (14-9) 
1 
= 60 Hz = 0.01667 s = 16.7 ms 
b f= ; (14-9a) 
= — 1 = 1 x 10° Hz = 1 kHz 
~ 4x 103s 7 





14-9 PRACTICAL ALTERNATORS 


The voltage developed by the simple ac generator is called 
a single-phase output. Most practical ac generators, or al- 
ternators (including those in modern automobiles), produce 
three-phase ac. They use a rotating magnetic field (rotor) 
to induce voltages in three sets of windings on a stationary 
stator. 

Direct current is used to excite the rotor’s field wind- 
ings (turning it into an electromagnet). This current enters 
the rotor through slip rings on its shaft that ride against 
two stationary brushes. (See Fig. 14-13a.) 

The armature windings are spaced around the stator’s 
surface so that the emfs generated in them reach their peak 
value 120° apart, as shown in Fig. 14-13). Large alterna- 
tors can produce voltages as high as 18,000 V. 

As you have learned, the speed of coil (or rotor) rota- 
tion determines both the amplitude and the frequency of 
the generated voltage. Commercial power stations main- 
tain a frequency of 60 Hz within +0.02 Hz by carefully 
controlling rotational speed. How much voltage is pro- 
duced is controlled by varying the direct current to the 
rotor’s field windings, and thus, the field strength (B). 
When power output must be reduced because the electrical 
demand cannot be met, rotational speed is held constant to 
maintain the proper frequency, but the field strength is re- 
duced to produce a lower voltage. This is often referred to 
as a ‘‘brown-out.”’ 
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(a) Cross-sectional sketch of a three-phase alternator 


FIGURE 14-13 
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(6) Three-phase output voltages are generated 120° apart 


Practical three-phase alternator and its output waveforms. 


14-9.1 Voltage Regulator for an 


Automobile Alternator 


The alternator in an automobile experiences wide varia- 
tions of speed, from a few hundred to several thousand 
rpm. In this application, the frequency is not important, 
since the alternator’s output is rectified by diodes to pro- 
duce direct current. But a large variation in output voltage 
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cannot be tolerated. The alternator’s voltage output is 
therefore controlled by a voltage regulator that varies the 
amount of field current. A voltage regulator that uses re- 
lays (solid-state versions are also used) is shown in Fig. 
14-14. 

When the ignition switch is turned on, current flows 
from the battery, through the red warning light and the 
regulator relay’s normally closed contact, to the field 


To ignition coil 


Field 
relay 
(open or 
closed) 


Voltage 
regulator 
relay 
(vibrates) 


FIGURE 14-14 
Schematic of a voltage 
regulator circuit for an 
automotive alternator 
system. 


ELEMENTARY DC GENERATOR 


winding of the alternator. Once the engine starts, the alter- 
nator turns and generates a voltage at terminal R. This en- 
ergizes the field relay of the voltage regulator, closing the 
normally open contact, and providing an alternate electri- 
cal path for current to the field winding. The red warning 
light goes out. At idle speeds, approximately 14.1 V is 
generated at the battery terminal. 

If the alternator’s output increases due to a higher 
speed, the voltage regulator relay is partially energized, 
opening its normally closed contact. Current to the field 
winding of the alternator must now pass through resistor 
R,. This causes a drop in field strength and output voltage, 
and the relay contact will tend to close again. The regula- 
tor relay, in effect, vibrates open and closed as it attempts 
to maintain the average output of the alternator at close to 
14.1 V. 

If the speed and output voltage of the alternator increase 
far above the required value, the relay’s arm is pulled all 
the way down to the ground contact. This shunts the field 
current to ground, causing a sudden drop in output volt- 
age. (Other features of the voltage regulator circuit are 
considered in the Review Questions at the end of this 
chapter. ) 


14-9.2 Delta-Wye Connections 


The advantage of a three-phase system is its ability to 
transmit the same power as a single-phase system while 
using less copper in the conductors. Three-phase motors 
run more smoothly than single-phase motors, and are 
smaller and more efficient for the same capacity. Three- 
phase supplies may use either a delta or a wye connection. 
(See Fig. 14-15.) 

The delta connection is a three-wire system often used 
in power applications such as three-phase motors. Line-to- 


(a) 220 V, three-phase, three-wire delta (A) 
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line voltages of 220 V, 440 V, 550 V, and so on are typ- 
ical. 

The wye connection is a four-wire, three-phase system 
with a neutral that is usually grounded. This allows the 
operation of single-phase equipment (such as receptacles, 
lights, or single-phase motors) between any phase and the 
neutral, where 120 V exists. Three-phase motors con- 
nected directly to the three lines operate at 208 V. Note 
that the line-to-line voltage equals \/3 X_ line-to-neutral 
voltage. 


14-10 ELEMENTARY DC GENERATOR 


By modifying the brush and slip-ring arrangement of the 
simple one-coil alternator, the negative half-cycles can be 
‘‘inverted.’’ This produces a unidirectional but pulsating 
dc output, as shown in Fig. 14-16b. 

The split ring functions as a simple commutator. (See 
Fig. 14-16a.) The commutator ‘‘switches’’ the armature 
coil connections to the external circuit at the instant the 
induced emf in the coil reverses. This maintains the polar- 
ity of one brush at a positive potential with respect to the 
other (even though the instantaneous value still varies be- 
tween 0 and V,,). 

A dc voltmeter connected across the output of the gen- 
erator indicates the average value of the wave. Mathemat- 
ically, this can be shown to be 


AV wx 
Vac = —— ~0.637V,, volts (14-9) 
T 
where: V,, is the de or average emf, in volts (V) 
V,, 1S the peak induced emf, in volts (V) 
For example, if a one-coil dc generator produced a peak 


voltage of 20 V, its dc output would be 12.74 V. 


FIGURE 14-15 
Coil connections in 
C three-phase delta and 


(b) 120/208 V, three-phase, wye systems. 
four-wire wye (Y) 
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Applied rotation 


(6) Pulsating dc output waveform 


14-11 PRACTICAL DC GENERATORS 


In a practical dc generator, there are a large number of 
coils evenly distributed around the surface of the armature 
and connected to an equally large number of commutator 
segments. This arrangement ensures that the output voltage 
developed across the brushes is nearly always at some 
peak value. The result is a small ‘‘ripple’’ voltage riding 
on a dc level, as shown in Fig. 14-17. 

It is interesting to note that the dc generator produces 
an output that is practically the same shape as the full- 
wave rectified output of a three-phase alternator. The 
three-phase alternator is widely used in automobile electri- 
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FIGURE 14-17 
Output voltage of a practical dc generator. 
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(a) Split ring acts as a 
simple commutator 


aieeeee FIGURE 14-16 
540 Elementary dc generator and 
output voltage waveform. 


cal systems. It is superior to the dc generator in that appli- 
cation because it can deliver a higher voltage at lower 
speeds. Even at idle speeds, most automobile alternators 
can supply the electrical load while continuing to recharge 
the battery used for starting. 

Most dc generators use field windings, rather than a 
permanent magnet, to create the magnetic field. These 
electromagnets may be separately excited from an outside 
source, or self-excited. Self-excited field windings use the 
output of the generator itself to supply the exciting current. 
Residual magnetism in the windings is relied upon to in- 
duce a small voltage, which increases the field current and 
thus the voltage. The field current “‘builds up’’ until the 
generator is operating at normal values. For this cumula- 
tive action to take place, the field must be properly polar- 
ized so that magnetic flux resulting from the small initial 
voltage adds to the residual flux, rather than opposing it. 

Like the dc motors discussed in Section 11-13, de gen- 
erators may be of the series, shunt, or compound type. In 
fact, a dc machine can be run as either a motor or a gen- 
erator. However, they are usually optimized to run as one 
or the other. The output of a dc generator, like that of an 
alternator, may be controlled easily by means of a rheostat 
in the field winding circuit. 


SUMMARY 

SUMMARY 

1. Electromagnetic induction is the process of generating a voltage in a wire or coil 
located in a changing magnetic field. 

2. Lenz’s law: The polarity of the induced emf is such that it opposes the change 
that produced it. 

, ' ' A® 
3. Faraday’s law: When magnetic flux is changing at a rate given by ee Wb/s, the 
emf induced in WN turns is 
N A® 
Vind = oe 
: At 
i, —— _ AP, - 
4. When flux is increasing with time, the quantity re is positive. When the flux 
A® |. ; ; : ; 
decreases, aa is negative, inducing a voltage of opposite polarity. 

5. When a coil of N turns, each having an effective length / is moved through a 
magnetic field B at a velocity v, the total induced emf is given by Ving = NBlyv. 

6. If a conductor is moved through a magnetic field at an angle @ with the field, the 
induced emf is Ving = V,, Sin 9. 

7. The sine of an angle is a trigonometric ratio that has a fixed value for every angle. 
In a right-triangle, for example, sin 0 is given by: 

opposite side 
in = 
hypotenuse 

8. Maximum voltage (V,,) is induced when a conductor cuts the field at a right angle, 
since 8 = 90° and sin 90° = 1. 

9. A simple ac generator consists of a single coil rotating in a fixed magnetic field. 
The sinuosoidal output voltage from the generator is available at two stationary 
brushes rubbing against rotating slip rings on the coil shaft. 

10. The sine wave output of an alternator is 

v = V,, sin 0 
where the amplitude V,, is referred to as the peak value and 2V,, = V,_, is the 
peak-to-peak value. 

11. The amplitude of an induced sine wave is determined by the speed of rotation (n), 
flux density (B), area of coil (A), and the number of turns (JN) in the coil, as given 
by 

Vin = 27nBAN 

12. The frequency of an induced sine wave is determined by speed of rotation (n) and 
the number of pairs of poles (p), 

f = pn 

13. A waveform goes through a complete cycle when it generates all of its possible 
values that are periodically repeated. 

14. The frequency of a waveform is the number of cycles produced in one second. 


One cycle per second (cps) = 1 hertz (Hz). 
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15. 


16. 


17. 


18. 


19. 


The period (T) of a wave of frequency f is the time required for one complete 
cycle: 


T= 


A practical alternator consists of a rotating magnetic field that induces emf in 
armature windings arranged around the stator. The frequency is determined by 
rotational speed and the amount of emf is determined in part by the field current. 
Either delta- or wye-connected windings may be used to develop three-phase ac. 
In a wye connection, the line-to-line voltage is \/3 times the line-to-neutral volt- 
age. 

In an elementary dc generator, the split ring acts as a commutator to invert the 
negative half cycle and produce a waveform that has an average or de value given 
by 


A practical dc generator has many coils on the armature connected to a like num- 
ber of segments on the commutator. It produces an almost-constant voltage with 
a small ‘‘ac ripple.”’ 


SELF-EXAMINATION 


Answ 


er T or F or, in the case of multiple choice, a, b, c, or d 


(Answers at back of book) 


14-1 


14-2. 


14-3. 


14-4. 


14-5. 


14-6. 


14-7. 
14-8. 


14-9. 


. Electromagnetic induction always requires a conductor to be “‘cut’’ by a mov- 
ing magnetic field. 

A potential difference is produced in a wire if there is relative motion between 
the wire and the field such that a conductor cuts across the magnetic field. 


Lenz’s law determines the amount of induced voltage. 
The induced current always sets up a flux that opposes the change that pro- 
duced it. 
If a coil is moved back and forth across the end of a permanent magnet, an 
alternating voltage is induced in the coil. 
Faraday’s law states that the induced emf is inversely proportional to the rate 
of change of flux. 
A dynamic microphone is an application of Faraday’s law. 
When magnetic flux changes from 3 to 8 mWb in 5 ms, the rate of change of 
4 A® . 

Ux, [> Is 
a. 1 mWb/s 
b. 1 wWb/s 
c. 1 Wb/s 
d. 1 x 10° Wb/s 
If a coil of 10 turns is subject to the flux change in Question 14-8, the emf 
induced in the coil is 
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14-10. 


14-11. 


14-12. 
14-13. 


14-14. 


14-15. 


14-16. 


14-17. 


14-18. 


14-19. 


14-20. 


14-21. 


14-22. 


a. 10mV 
b. 10 WV 
e lV 
d. O.1 V 


The maximum voltage that can be induced in a 50-cm-length wire moving at 
10 m/s through a field of 0.5 T is 


a 25 V 

b. 2.3 V 
c. 250 V 
d. 250 mV 


If the conductor in Question 14-10 is moving at an angle of 30° with the field, 
the induced voltage is 


a 12.5 V 
b. 2.165 V 
e 1.25 V 
d. 125 mV 


The sine of 30° is one-half the sine of 60°. 

In a simple ac generator with two poles, the induced current drops to zero 
every half a revolution. 

The output voltage of an ac generator is a sine wave because the conductor 
moves in a circle in a uniform horizontal magnetic field. 

If the peak-to-peak voltage of a sine wave is 15 V, the amplitude is 30 V. 


If the amplitude of a sine wave is 10 V, the emf after one-sixth of a cycle is 


a. 8.66 V 
b. SV 

ce AV 
d. 7.07 V 


All other factors remaining the same, the output voltage from an alternator coil 
of length 50 cm and diameter 20 cm is the same as a coil of length 40 cm and 
diameter 25 cm. 

If the speed of an alternator is doubled, the output voltage will double, and so 
will its frequency. 

If the flux density of an alternator is doubled, but the speed is cut in half, the 
frequency will be half of its original value and the output voltage doubled. 


Increasing the number of pairs of poles in an alternator means that the speed 
can be reduced to produce the same frequency. 

Five cycles are counted on an oscilloscope over a time span of 100 ws. The 
frequency of this waveform is 


a. 5 kHz 

b. 5S MHz 

c. 20 kHz 

d. 50 kHz 

The period of the wave in Question 14-21 is 
a. 20 ms 

b. 20 ws 

c. 500 ws 

d. 500 ms 
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14-23. The period of a wave is 0.04 s. Its frequency is 


a. 2.5 Hz 
b. 25 Hz 
C. 2.5 kHz 
d. 40 Hz 


14-24. In a practical alternator the voltage is always induced in the armature. 


14-25. The output voltage of a commercial alternator is maintained at its correct value 


by making slight adjustments in the speed of rotation. 


14-26. Where three-phase power is to supply both three-phase motors and lighting 


circuits a three-phase, four-wire wye connection is used. 


14-27. In an elementary, single-coil dc generator with a peak value of 80 V, the dc 


output voltage is approximately: 


a. 25.5 V 
b. 51V 
c. 80V 
d. 56.6 V 


14-28. A practical, self-excited dc generator relies upon residual magnetism to build 


| 


REVIEW QUESTIONS 


oo 


10. 


What are the required conditions for electromagnetic induction to take place? 
Give three practical applications where electromagnetic induction is put to use. 
What is the origin of the emf induced in a wire that is being moved across a 
magnetic field? 

State Lenz’s law in your own words. 

a. Give two examples of where Faraday’s law is at work in an automobile. 


b. What are the fundamental units of rai 


c. How is the weber defined? 

a. If the voltage induced in a conductor is constant, how is the magnetic field 
changing? 

b. If the voltage induced in a conductor is uniformly increasing, how is the 
magnetic field changing? 

How can an alternating current be produced using only a solenoid and a permanent 

magnet? 

Under what conditions does a magnetic field not have to ‘‘cut’’ through a coil or 

wire to induce an emf? 

Under what conditions does a conductor moving through a magnetic field induce: 

a. Maximum emf? 

b. Zero emf? 

c. 0.707 of maximum emf? 

In Example 14-4 the earth’s magnetic field induced 340 wV in a single antenna. 

Would it be possible to use a number of vertical wires, series interconnected, to 

increase the total voltage to a higher value? Explain. 
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11. Why is the sine of 30° not one-half the sine of 60° or one-third the sine of 90°? 
12. a. Sketch a right-angled triangle and show why the tangent of a 45° angle is 1. 
See Appendix F. 
. What is the name of this triangle? 
c. Why is the tangent of 90° infinite? 
13. a. Sketch a right triangle with a 30° angle. Why is the sine of 30° equal to the 
cosine of 60°? 
b. What is the exact value of the sine of 45°? 

14. Refer to Fig. 14-9. If conductors A and B in the armature coil were held station- 
ary, would the same emf be induced between the brushes if the external permanent 
magnets were rotated around the coil instead? 

15. Refer to Fig. 14-9. If the coil were rotated in the opposite direction from that 
shown how, if at all, would the output waveform of voltage be different? Explain. 

16. a. Why is the output of an alternator sinusoidal? 

b. Could we make it have any other shape if we wanted to? How? 
c. Why do we choose a sine wave? Why not a triangular shape or semicircular 
shape? 

17. Once an alternator is built, what factors affect the following? 

a. The output voltage’s amplitude. 
b. The output voltage’s frequency. 
How could you double the output voltage without affecting the frequency? 

18. a. What is the relationship between the frequency and period for any alternating 

wave? 
b. Does a change in amplitude change the period? 

19. What are the major differences between a practical alternator and a simple single- 
coil ac generator? 

20. a. What is meant by a ‘‘brownout’’? 

b. How is this brought about? 
c. How does this affect electrical appliances? 
d. Why must the frequency be maintained at 60 Hz, even in a brownout? 

21. Refer to Fig. 14-14. 

a. If, while the car is running, the alternator fails to develop an output (due to a 
broken belt perhaps), what visual indication will be noticed? 

b. Describe the electrical sequence that takes place following this failure. 

c. Does current continue to flow into the field winding? 

d. Can the battery discharge through the alternator armature coils? 

22. If, after the car engine has been switched off, the field relay remains closed due 
to a malfunction, what possible effect would be noticed if the car is not used for 
several days? Explain. 

23. What is an advantage of a three-phase, four-wire system over a single-phase sys- 
tem? 

24. What is the purpose of a commutator in a de generator? 

25. How does a practical dc generator prevent the output voltage from falling to zero 
periodically as it does in a single-coil elementary generator? 

26. Older automobiles that use a dc generator often had to have the field of the gen- 
erator ‘‘polarized’’ before it would build up properly. 

a. What is meant by this? 
b. Why was it necessary? 
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(Answers to odd-numbered problems at back of book) 

14-1. Refer to Fig. 14-la. What is the polarity of the induced emf at A with respect 
to B when 
a. The field is moved to the right? 
b. The field is moved to the left? 

14-2. Repeat Problem 14-1 with the magnetic polarity reversed. 

14-3. Refer to Fig. 14-3. What is the polarity of the induced emf at A with respect 
to B when 
a. The south pole is moved into the coil? 
b. The north pole is moved into the coil? 

14-4. Repeat Problem 14-3 with the windings wrapped around the solenoid in the 
opposite direction. 

14-5. Refer to Fig. 14-18. What is the polarity of the induced emf at A with respect 
to B when 
a. The switch is first closed? 
b. The switch is just opened? 





FIGURE 14-18 
Circuit for Problems 14-5 and 14-6. 


14-6. Repeat Problem 14-5 with the winding connected to the battery wound around 
the core in the opposite direction. 

14-7. What is the rate of change of flux in Wb/s for the following? 
a. 2 Wb in 10 min 
b. 5 mWb in 10 ms 
c. 4.5 wWb in 5 ws 
d. 8 mWb in 2 us 

14-8. What emf is induced in a 10-turn coil subjected to the rate of change of flux 
in Problem 14-7? 

14-9. At what rate is the flux changing in a 100-turn coil if 0.5 V is induced in the 
coil? 

14-10. How many turns are there in a coil that has an emf of 80 mV induced when 
the flux changes from 28 to 30 mWb in one-tenth of a second? 

14-11. A wire is moved across the face of a permanent magnet that is 3 cm square, 
in 0.1 s. If an emf of 9 mV is induced in the wire, what is the flux density of 
the magnetic field? 

14-12. A wire is moved across the face of a permanent magnet that is 4 cm square 
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and 0.8 T in strength. Calculate the voltage induced in the wire if it is moved 
perpendicular to the field in: 

a. 150 ms 

b. 5S ms 

14-13. Refer to Fig. 14-5. The magnetic flux in the core is increased uniformly from 
2 to 8 mWb in 4 ms, held constant for 3 ms, increased again to 10 mWb in 1 
ms, then suddenly reduced uniformly to zero in 2 ms. Coil B has 50 turns. 
Draw graphs showing: 

a. How the flux changes with time. 
b. The rate of change of flux with time. 
c. The voltage induced in coil B. 

14-14. Refer to Fig. 14-5. The flux density in the core is increased uniformly from 
0.7 to 1 T in 4 ms, held constant for 2 ms, reversed to 0.6 T in the opposite 
direction in 8 ms, then reduced to zero in 3 ms. If coil B has 40 turns and the 
toroid has a circular cross section of radius 2 cm, draw graphs showing: 

a. How the flux changes with time. 
b. The rate of change of flux with time. 
c. The emf induced in coil B. 

14-15. Five series-connected conductors, each 25-cm long, are moved at 8 m/s per- 
pendicular to a magnetic field of 1.5 T. What is the total induced emf? 

14-16. At what velocity must a 40 cm-long conductor be moved perpendicular to a 
magnetic field of 1.2 T to induce an emf of 5 V? 

14-17. What emf will be induced in the five conductors in Problem 14-15 if they move 
through the field at the following angles with the field? 


a. 30° 
b. 45° 
c. 80° 
d. 90° 


14-18. At what angle is the conductor in Problem 14-16 moving through the field if 
the induced emf is as follows? 


a, 2 Vv 
b. 3.535 V 
c. 40 V 


14-19. The peak-to-peak value of a sine wave is 25 V. Determine: 
a. The amplitude. 
b. The instantaneous voltages at one-quarter, four-fifths, and two-and-one- 
third cycles. 
14-20. If the peak value of a sine wave is 20 V, what are the instantaneous voltages 
at the following angles: 


a. 60° 

b. 110° 
e, 270° 
d. 345° 


14-21. The armature of an ac generator, running at 3600 rpm, has a length of 50 cm, 
a diameter of 25 cm, and has 20 turns. If the field strength is 0.5 T, calculate 
the amplitude of the induced voltage. 

14-22. What must be the area of an armature coil rotating at 1500 rpm in a field of 
0.8 T if the coil has 30 turns and the induced voltage has a peak-to-peak value 
of 150 V? 
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14-23. 


14-24. 


14-25. 


14-26. 


a. 


b. 


If the generator in Problem 14-21 has one pair of poles, what is the fre- 
quency of the generated voltage? 

What is its period? 

What is the total number of poles required by the generator in Problem 
14-22 if it is to generate a voltage having a frequency of 50 Hz? 

What is the period of this waveform? 


Consider a three-phase, four-wire supply. 


a. 
b. 


If the line-to-line voltage is 10 V, what is the line-to-neutral voltage? 
What must be the line-to-line voltage of a system if the line-to-neutral 
voltage is 115 V? 

An elementary single-coil dc generator produces a peak voltage of 40 V. 
What is its dc value? 

If a single-coil dc generator is used to produce an output voltage of 14.5 
V dc, what is the peak value? 
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You have seen how the frequency of a sine wave of voltage may 
be expressed in cycles per second, or hertz. In this chapter, you 
will be introduced to the radian, rather than the degree, as a 
measure of an angle. This allows the frequency to be given in 
radians per second, and is known as the angular frequency, w. A 
sinusoidal voltage (or current) may then be expressed in terms of 
the amplitude, frequency, and time. 


One of the questions that will be resolved in this chapter is the 
relationship between an oscilloscope display of a sinusoidal 
voltage and the single reading of a voltmeter. This requires 
consideration of how current varies in a resistor with a sinusoidal 
applied voltage and the corresponding variation of power. The 
average power dissipated in the resistor is equated to the same 
amount of power produced by a direct current flowing through the 
same resistance. The amount of dc that produces the same 
heating effect as the ac Is called the effective value of the ac. 
Because of the steps followed in determining the effective value, it 
is often called the rms (root-mean-square) value. 
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Finally you will see that Onm’s law, and the power equations 
developed for dc circuits, can be used for an ac circuit /f rms 
values of current and voltage are used, and only pure resistance 


is considered in any calculation. 
ea 


INDUCED VOLTAGE IN TERMS 
OF FREQUENCY AND TIME 


15-1 


As you have seen, a sine wave of voltage can be expressed 
by the equation 


v = V,, sin 0 (15-1) 


The angle @ can be expressed in terms of the frequency 
(f) and the instant of time (4) for which you wish to know 
the voltage. (See Appendix H.) The result is 


0 = 2nft radians (15-2) 


where: @ is the angle, in radians (rad) 
f is the frequency of the voltage, in hertz (Hz) 
t is the time since the voltage was zero, in 
seconds (s) 


The 27 term is a result of expressing the angle in radi- 
ans, rather than degrees. The radian is commonly used in 
engineering work. As shown in Fig. 15-1, a radian is the 
angle between two radii of a circle that cut off (on the 
circumference of the circle) an arc equal in length to the 
circle’s radius. 

The number of radians in a complete circle is therefore 
equal to the number of times the radius is contained in the 





6 = lradian 


Circumference = 2 ar 


FIGURE 15-1 

One radian (approximately 57.3°) is the angle 
subtended at the center of a circle by an arc equal 
in length to the radius. 


circumference of the circle. The circumference equals 2Tr. 
This means that 27 radians equals 360°. 


27 radians = 360° 
qa radians = 180° 


90° 
180° 


7 . 
— radians 
2 





1 radian = =~ 57.3° 

The way in which a sine wave of voltage varies with 
the angle given in radians is shown in Fig. 15-2. 

An advantage of using radians is that they are dimen- 
sionless, being the ratio of two lengths (arc length to ra- 
dius). 

Thus the induced voltage can be written in the follow- 
ing form: 








v = VJ,, sin 27 ft volts (15-3) 
or v = V,, sin wt volts (15-4) 
and ® = 2nf radians per second (15-5) 
Voltage, 
V 
Ve 
Peak 
voltage, V 
- angle @, 
radians 
0 and 
degrees 


Peak-to-peak 
voltage V cic 


1 cycle» 
FIGURE 15-2 


A sine wave of voltage with the angle given in 
radians and degrees. 
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where: v is the induced emf, in volts (V) 
V,, is the maximum induced emf, in volts (V) 
f is the frequency of the emf, in hertz (Hz) 
t is the instant of time under consideration, in sec- 
onds (s) 
w = 2nf is the angular frequency, in radians per 
seconds (rad/s) 


15-1.1 Angular Frequency 


The Greek letter omega (w) is referred to, in some texts, 
as the angular velocity. This term is appropriate to describe 
the speed of a rotating coil or conductor. But, as pointed 
out in Section 14-8, the frequency of the generated voltage 
depends not only on the speed of rotation, but on the num- 
ber of pairs of magnetic poles the conductor passes under. 

For example, a coil that makes a full 360° revolution in 
1 s has an angular velocity of 27 rad/s. If the generator 
has one pair of poles, the generated voltage will have a 
frequency of 1 cycle per second (cps). Assuming the same 
velocity of 27 rad/s, a generator with two pairs of poles 
will generate a voltage with frequency of 2 cps. The an- 
gular velocity of the coil is 27 rad/s in both cases. But 
since a cycle of voltage is equivalent to 27 rad, the angu- 
lar frequency of the generated voltage is 27 rad/s in the 
first case and 47 rad/s in the second case. That is, we are 
more concerned with the frequency of the voltage or cur- 
rent than we are with the speed or velocity of the conduc- 
tor which generated that voltage or current. 

To summarize: if f is the frequency of a voltage in cy- 
cles per second, 27f is the frequency in radians per sec- 
ond. The term angular frequency (w) is used for 27, since 
an angle of 27 rad corresponds to one cycle. 

Note that the dimension of w is per second, or s-’. 
This is because the radian is a dimensionless quantity. 
Thus w has the same dimension as f, and it is consistent 
to refer to w as frequency. 





EXAMPLE 15-1 


A sine wave of voltage has a peak value of 5 V anda 
frequency of 1 kHz. Determine: 

a. The angular frequency. 

b. The instantaneous voltage when t = 400 us. 
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Solution 
a. wo = 2nf (15-5) 
— 20 X 1 X 10° rad/s 
— 6.28 x 10° rad/s 
b. v = V,, sin ot (15-4) 


r 
= 5Vsin 6.28 x 10° 2 x 400 x 10 °s 


= 5V x sin 2.51 rad 
= 5V x 0.59 = 2.95 V 





Note that in Example 15-1, you must find the sine of 
an angle where the angle is given in radians. When doing 
this with a calculator, be careful to enter the angle in ra- 
dians, not degrees. This can be done by means of a slide 
switch or by pushing a button, depending on the calculator. 





EXAMPLE 15-2 


The voltage applied to a circuit is given by v = 
170 sin 377 t volts. Determine: 
a. The amplitude of the voltage. 


b. The peak-to-peak voltage. 
c. The angular frequency. 
d. The frequency in hertz. 
e. The period. 
Solution 


a. By comparison with Eq. 15-4: 


v = V,, sin ot 


= 170 sin 377t 
The amplitude V,, = 170 V. 
b. Vo-p = 2Vin (14-6) 
=2x 170V 
= 340 V 
c. The angular frequency (w) = 377 rad/s 
d. w = 2uf (15-5) 
@ 
f = — 
QT 
377 
= — = 60 Hz 
27 
1 
e T= 7 (14-9) 
1 
= 50 Hz 0.01667 s = 16.7 ms 


CURRENT AND VOLTAGE WAVEFORMS WITH A RESISTIVE LOAD 


15:2 CURRENT AND VOLTAGE 
WAVEFORMS WITH A RESISTIVE 


LOAD 


Consider the application of a sinusoidally alternating volt- 
age to a resistor, as shown in Fig. 15-3a. What is the 
nature of the current variation in the circuit? 


Given: v = V,, sin wt (15-4) 
v 
By Ohm’s law, 1 = R (3-1a) 


That is, the instantaneous value of current is determined 
by the instantaneous value of the applied voltage and R. 
Note the use of small letters to represent quantities varying 
with time. 


Vv Vin. 
i = — = — sin ot 
R R 
Therefore, i = I,, sin wt amperes (15-6) 
Vin 
L, = = 15-7 
and R (15-7) 


where: i is the instantaneous current, in amperes (A) 
Tn 18 the peak current, in amperes (A) 
V,, 18 the peak voltage, in volts (V) 
R is the resistive load, in ohms (Q)) 
w® = 2nf is the angular frequency, in radians/ 
second (rad/s) 
t is the time, in seconds (s) 


Equation 15-6 shows that the current (i) varies at the 
same frequency as the applied voltage (v) and in-phase 





@ Oscilloscope 0 


(a) Sinusoidal voltage applied to the resistor 


FIGURE 15-3 
Circuit and waveforms for a resistive load. 
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with vy. In other words, as shown in Fig. 15-3b, the cur- 
rent and voltage waveforms pass through their minimum 
and maximum values at the same instant. These wave- 
forms may be observed on an oscilloscope to identify V,, 
and [,,. (See Chapter 16.) 





EXAMPLE 15-3 


A sinusoidal voltage of peak-to-peak value, 8 V, is ob- 
served on an oscilloscope when connected across a 2.2- 
kQ resistor. The period of the voltage waveform is 2 ms. 
Determine: 

a. The peak value of the current. 

b. The frequency of the current. 

c. The equation representing the current. 





Solution 
a 
a. V, = a (14-6) 
8V 
=o s = 4 
5 V 
Vin 
L, = = (15-7) 
4V 
Sono 1.82 mA 
1 
b. f= (14-9a) 
= = 500 Hz 
~~ 2x10%s _ 





1=T1,, SIN wt 


(6) Waveforms of voltage and current 
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= 2uf (15-5) 
2a X 500 

10007 rad/s 

Therefore, i = /,, sin wt 

= 1.82 sin 10007t mA 


2) 
& 
ll 


(15-6) 


NOTE The polarity signs shown in Fig. 15-3 establish a refer- 
ence to interpret the positive and negative values in the graphs 


for v and i. Also, the graph for i has been drawn arbitrarily 
smaller than for v. 


As you can see, the current variation in the circuit 
is the same as the voltage variation across a resistor 
that has the (same) current flowing through it. This is 
a very important principle. Although an oscilloscope 
reacts only to voltage, it can be used to show how cur- 
rent varies by displaying the voltage across a resistor 
in the circuit. And, if the resistance is known, the cur- 
rent is also known. 


15-3 POWER IN A RESISTIVE LOAD 


You know that in a de circuit, 
the average power P = I’R (3-7) 


In an ac circuit, where the instantaneous current (i) varies, 
the instantaneous power (p) must also vary. Thus 


pHtR 


and since i = I, sin wt 








(a) Sinusoidal voltage applied to the resistor 


FIGURE 15-4 
Circuit and waveforms for power in a resistive load. 
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p = (np sin wt)’R 


= [°R sin” wt 
Therefore, Pp = Pun sin? wt watts (15-8) 
and P, = 1k (15-9) 


where: p is the instantaneous value of the power in the 

resistor, in watts (W) 

P,, is the peak power, in watts (W) 

[,, 18 the peak current, in amperes (A) 

R is the resistive load, in ohms (Q) 

w is the angular frequency, in radians/second 
(rad/s) 

t is the time, in seconds (s) 

The power waveform is shown in Fig. 15-4b. It evi- 
dently has a frequency twice that of the current waveform, 
varying from zero to a peak value (P,,) twice as often as 
the current. 

However, even though the power pulsates, in a purely 
resistive circuit it is always positive. This simply means 
that an alternating current in a resistor dissipates power in 
the resistor (in the form of heat), no matter in which direc- 
tion the current flows. 

As you can see, by inspection of the symmetrical power 
curve in Fig. 15-4b, the average power (P,y) is one-half 
of the peak power. Thus 
P,, Ink 


fae = 


5 7 watts 


(15-10) 
where the symbols are as in Eqs. 15-8 and 15-9. 
Consider a line drawn through the power curve at one- 
half its peak value. The average value of a curve is the 
point at which a horizontal line can be drawn so that it 







p =P,, sin@at 


renee ione Average power 


1=TI,, sin at 


wt,rad 





(6) Waveforms of current and power 


POWER IN A RESISTIVE LOAD 


encloses the same area below it as enclosed by the original 
curve. In Fig. 15-4b, the shaded portion of the waveform 
above the average power line may be used to ‘‘fill in’’ 
the shaded portion below the line. This is shown in 
Example 15-4. 





EXAMPLE 15-4 


An ac voltage given by the equation v = 50 sin 800zt is 
applied to a 25-0 resistor. Determine: 

a. The peak power dissipated in the resistor. 

b. The frequency of the power variation. 

c. The average power dissipated in the resistor. 





Solution 
Vin 
a. In = R (15-7) 
50 V 
50, 
Pry = linR (15-9) 
= (2 A)® x 250 = 100 W 
b. v= V,, sin 2qft (15-3) 
= 50 sin 800zt 
2nf = 800 7m rad/s 
Therefore, f = 400 Hz 
Power varies at a frequency of 2f or 800 Hz. 
Pin 
G Pa = ry (15-10) 
100 W 
= s = 50 W 





Example 15-4 shows that a constant power level of 50 
W provides the same heating effect as a power waveform 
varying sinusoidally between O and 100 W, no matter what 
the frequency. 

That is, the frequency of an alternating current flowing 
through a resistor does not affect the power dissipated in 
that resistor. The power is determined only by the resis- 
tance value and the peak value of the current (or voltage). 


15-3.1 Equations for Average Power 


Consider the expression for the average power dissipated 
in a resistor by a symmetrical sine wave of current: 


_ In 


Pay = 15-10 
av 2 ( ) 
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The average power determines the amount of heat de- 
veloped in a resistor, and is more important than the peak 
power. It is convenient, therefore, to calculate the average 
power in terms of the current indicated by an ammeter, 
rather than from an oscilloscope measurement. This is 
done as follows: 


ie 
Pa = = 
Za 


- (A) * 
mtv 


and Py, - PR (15-11) 


where J = yy, is called the rms value of the current. 
This is the value that an ac ammeter, calibrated for 
sine waves, will indicate in a sinusoidal circuit. A more 
detailed explanation of the term rms will be provided in 
Section 15-4. It should be noted that the rms value is not 
an average value. (The rms value is sometimes called the 
effective value. The average value of a sine wave over a 
complete cycle is zero.) 

It is important to realize that Eq. 15-11 can be used to 
calculate power in an ac circuit only if the whole circuit is 
purely resistive, or if the current through just the resistive 
portion is considered. To emphasize this, the notation Jp 
should be used. Also, since you can obtain the rms value 


V 
of voltage indicated by a voltmeter using V = V2 you 


can state the following equations for calculating power 
in a resistor: 


P=TI;,R _ watts (15-12) 
V2 

P= r) watts (15-13) 

r= Verlr watts (15-14) 


where: P is the average or rms* power, in watts (W) 
Tp is the rms current in the resistor, in amperes 
(A) 
Vr is the rms voltage across the resistor, in 
volts (V) 
R is the resistance, in ohms (Q)) 


*The term ‘‘rms power’’ is often used when referring to the output 
power that an audio amplifier can deliver to a loudspeaker. This indicates 
the continuous power that can be delivered, using rms values of current 
and voltage. Audio power ratings, in the past, were sometimes given in 
watts of ‘‘music power’’ and were generally much higher than the rms 
power ratings. This is because music has momentary peaks that an am- 
plifier may be able to handle, but not on a sustained basis. 
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These power equations may be used with waveforms 
of any shape, regardless of frequency, including dc, so 
long as rms values are used. 

Equations 15-12 through 15-14 imply that Ohm’s law 
can be applied to an ac circuit. This is true only if you 
consider the current in the resistor and the voltage across 
the resistor. That is, 


V 
R=— ohms (15-15) 
Tr 
Vr 
Ip = R amperes (15-15a) 
Ve = [rR volts (15-15b) 


with the symbols as above. 





EXAMPLE 15-5 


A resistor R is connected in a complex ac circuit as 

shown in Fig. 15-5. An ac voltmeter across the resistor 

indicates 15 V and an ac ammeter in series with the re- 

sistor indicates 50 mA. Calculate: 

a. The resistance of R. 

b. The average power dissipated in R using Eqs. 15-12 
through 15-14. 


Solution 


(15-15) 


Non resistive 
ac components 





Ac ammeter 


Ac voltmeter 
FIGURE 15-5 
Circuit for Example 15-5. 
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_ 15V 
~ 50x 10°°A 
b. P=FR 
= (50 x 10°° A)? x 3000 
= 0.75 W = 750 mw 
Vir 

= R (15-13) 

— (15 Vv)? 

~ 3000 

= 0.75 W = 750 mw 
P = Valp 

= 15V x 50 x 10°°A 

= 0.75 W = 750 mw 


= 300 2 
(15-12) 


(15-14) 


15-4 RMS VALUE OF A SINE WAVE 


To understand the term rms, you have to return to the re- 
lationship between the readings of an ac voltmeter or am- 
meter and the instantaneous values of voltage and current 
in a complete cycle of a sine wave. 

If an ac voltmeter is connected across a sine wave of 
voltage, what should its reading be? The meter can only 
indicate one value. Which of the values between — V,, and 
+YV,, should this be? Similarly, which value should an ac 
ammeter indicate? (See Fig. 15-6.) 

The answer lies in comparing the average heating effect 
of the ac with that produced by some steady dc value. 
More specifically, the effective value of an alternating 
current or voltage is that value of dc which is as effec- 
tive in producing heat in a given resistance as the given 
quantity of ac in the same resistance. 

Since heating is dependent upon power, the average 
power produced by the ac should be the same as that pro- 
duced by the dc. 

The power dissipated by a nonvarying current (/,,) 
flowing through a resistance (R) is given by 


Pg = Py = GR (3-7) 


The average power dissipated by an alternating current 
of peak value (J/,,) flowing through the same resistance (R) 
is given by 


Pay = 


2 
a (15-10) 


Since these two must be equal, 


Pr 
tak = “S 


RMS VALUE OF A SINE WAVE 


Ac ammeter 


Ac 
voltmeter 





Vrms = 0.707 Vin 


Irms = 0.707 4, 






v=V. sinawt 


m 


L=TI,, sinat 


V 





I 
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(a) Ac circuit with ammeter and voltmeter (6) Waveforms of current and voltage 
with rms values 





FIGURE 15-6 
Readings of an ac 
ammeter and ac 
voltmeter. 


. be Unless otherwise stated, all ac quantities are under- 

Therefore, Ig. = ay stood to be rms values. Thus: 

Dn 
| ba I I = [ns = —= = 0.7071, (15-16) 

Le = /4=— = 0.7071, V2 

and dc 2 \/2 

V = Vims = —= = 0.7071, (15-17) 

Thus an alternating current of peak value (J,,) is as ef- V2 


fective in producing heat in a pure resistance as a dc cur- 


= 
rent equal to 0.7071,, or V7 (See Fig. 15-7.) 


Ln 
Similarly, Vase = —= = 0.707V,, 


472 
If you examine the steps taken to obtain this result, you 
will see that you first squared the current, then found the 
average or mean value of the power, and finally took the 
square root. This is summarized by referring to the effec- 
tive value of the ac as /,,,, (root-mean-square) or V,,,,. The 
subscripts are used only for clarification. 


Heat Heat 


l I 
a dc 
0.707 I,, 
0 wt 0 wt 


(6) Same heat produced by direct 
current equal to 0.707 J,, 


(a) Heat produced by alternating 
current of peak value J, 


FIGURE 15-7 
Effective or rms value of an alternating current. 


where symbols are as previously described. 


15-4.1 Nominal Line Voltages and 
Frequencies 


The nominal ac line voltage for domestic use (lighting and 
wall receptacles) in the United States (including Puerto 
Rico) and Canada is 120 V at a frequency of 60 Hz. The 
actual voltage maintained by the local power company 
may be lower, such as 115 V or 117 V. Also, a 240-V 
service is usually available for appliances such as electric 
stoves, Ovens, and air conditioners, which require higher 
power. (This will be covered in detail in Section 18-3.) 

Other countries have voltages ranging from 100 to 240 
V at frequencies of 50 or 60 Hz. Table 15-1 lists the nom- 
inal line voltages (rms) and frequencies for a number of 
countries. 





EXAMPLE 15-6 


The domestic ac line voltage, given by the equation v = 

170 sin 377¢#, is applied to a 33-0 resistor as in Fig. 15- 

6a. Calculate: 

a. The reading of an ac voltmeter connected across the 
resistor. 

b. The reading of an ac ammeter connected in series 
with the resistor. 
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TABLE 15-1 
Nominal AC Line Voltages and Frequencies of Selected Countries 








Alternatively, after obtaining the rms value of voltage, the 
rms value of current can be obtained directly from Ohm’s 
law: 


Country Volt. Freq. Country Volt. Freq. 
Argentina 220 50 Japan 100 50/60 
Australia 240 50 Mexico 127 60 
Austria 220 50 Netherlands 220 50 
Belgium 220 50 Norway 230 50 
Brazil 127 60 South Africa 220 50 
Canada 120 60 Spain 127/220 50 
China : 220 50 Sweden 220 50 
Shanghai 110 50 Switzerland 220 50 
Denmark 220 50 Taiwan 110 60 
Finland 220 50 United Kingdom 240 50 
France 127/220 50 U.S.A. 120 60 
Germany 220 50 U.S.S.R. 127 50 
Ireland 220 50 Venezuela 120 60 
Italy 220 50 
Solution Thus Ohm’s law may be applied to an ac circuit con- 
a. V, =170V taining only resistance, using oscilloscope or meter values 
a for J and V. 
Volimeley sndicates As shown in Example 15-6, the 120-V, 60-Hz supply 
Vs has a peak value of 170 V and a peak-to-peak value of 340 
= \/2 Kie-T 7) V. However, this ac waveform is just as effective in heat- 
170 V ing the filament of an incandescent lamp (and thus produc- 
=—je = 120V ing as much light) as 120-V dc. 
b. In = = (15-15a) 
170V _ cog 15-4.2 True rms Values 
33 0, It should be noted that ac ammeters and voltmeters (unless 
Ammeter indicates labeled ‘‘true rms’’) are usually calibrated to indicate rms 
—_ Fin (15-16) values only when used to measure sine waves. If the me- 
2 ters are connected in a circuit where the waveform is not 
_5.2A - 36A sinusoidal (for example, a square wave or a sawtooth 
V2 wave), the readings will be erroneous, since the 0.707 fac- 


tor applies only to sine waves. An rms value can be ob- 
tained for any waveform, but a different factor must be 
used for each type of wave. This is the reason why an 
oscilloscope is so important in electronic measurements. It 


V, 
a= A (15-15a) displays much more information about a voltage or a cur- 
420 V rent than does a single-reading meter. The oscilloscope is 
= "a5 q > 3.6 A essential in dealing with nonsinusoidal circuits, such as 





pulse and digital circuits. 


SERIES AND PARALLEL AC CIRCUITS WITH PURE RESISTANCE 





FIGURE 15-8 
Hand-held 4, -digit true rms multimeter. (Courtesy of 
the John Fluke Mfg. Co., Inc.) 


Only a few instruments will show the true rms value 
regardless of waveform. They are called true-reading rms 
meters. (See Fig. 15-8.) 

This hand-held 43-digit multimeter will read true rms ac 
voltages having frequencies up to 100 kHz and true rms ac 
currents up to 30 kHz, depending on the range in use. 
Accuracy is 0.5% of reading for line voltage frequencies 
and 0.04% for dc voltages, with an input resistance of 10 
MQ) on all ranges. The meter can measure frequency up to 
20 kHz with an accuracy of 0.005% and conductance from 
2 mS to 2000 nS. Also included is a continuity checker 
that provides either a visual display or an audible tone 
when continuity exists between the two probes. 

Equations 15-16 and 15-17 can be rearranged so that 
peak-to-peak oscilloscope readings can be obtained from 
sinusoidal rms meter values: 


Vin = V2 X Vems = 1.414Vims = 1.414V (15-18) 
and V,) = 2Vm = 2V2Vims = 2.828V (15-19) 
Similarly, Tn, = 1.414] (15-20) 
and I,» = 2.828] (15-21) 
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EXAMPLE 15-7 


An ac voltmeter across a resistor indicates 3.5 V and an 
ammeter in series with the resistor reads 15 mA. Calcu- 
late: 

a. The peak-to-peak voltage across the resistor. 

b. The peak current through the resistor. 

c. The resistance of the resistor. 


Solution 
a. Vo>o=2V2V (15-19) 
=~2xvV2x35V 
= 99V 
b. In = V2I (15-20) 
= V/2x 15mA 
= 21.2 mA 
Vr 
cc R=— (15-15) 
Ip 
3.5 V 
15 x 1079 A — 
15-5 SERIES AND PARALLEL AC 


CIRCUITS WITH PURE 
RESISTANCE 


The solution of series and parallel ac circuits that involve 
only resistance follows the same principles used for de cir- 
cuits. As noted previously, the same equations for power 
and Ohm’s law can be applied if rms quantities are used 
throughout. In problems that contain data for peak or peak- 
to-peak values, care must be taken to make the appropriate 
conversions, so that a consistent set of units results. 

The laws of voltage division and current division hold 
for ac as they do for dc, provided that only pure resis- 
tances are involved. Problems 15-19 and 15-20 at the end 
of the chapter are designed to give you practice in solving 
series- and parallel-resistive ac circuits with a mixed set of 
units. Examples 15-8 and 15-9 illustrate some of the prin- 
ciples. 





EXAMPLE 15-8 


Two series-connected resistors, 3.3 kQ. and 4.7 kQ, have 
a 36-V peak-to-peak sinusoidal voltage connected to 
them as shown in Fig. 15-9. Determine: 
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Vr 


36 Vp-p Y 
R 
W) 4.7 k0 


FIGURE 15-9 
Circuit for Example 15-8. 


a. The reading of a series-connected ammeter. 


b. The voltage across the 4.7-kQ resistor. 
c. The power dissipated in the 3.3-kQ resistor. 


Solution 


a. The rms applied voltage, 





V7 = 


Total circuit resistance, 


R; = R, + Re 
= 3.3kO + 4.7kO = 8 kO 


The ammeter indicates 





b. Voltage across the 4.7-kQ resistor, 


v2 > NE A, 
4.7 kO 
a AOE AY Nee 
: 4.7kOQ + 3.3 kO 
~ 7.48 V 


c. Power dissipated in the 3.3-kQ resistor, 


P = [AR 
(1.59 x 10° A)? x 3.3 x 10° 0 
= 8.34 mW 


(15-17) 


(5-2) 


(15-15a) 


(5-5) 


(15-12) 
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EXAMPLE 15-9 


Consider R; = 4.7 kQ and Ro = 3.3 kM connected in 
parallel across a sinusoidal voltage source, as shown in 
Fig. 15-10. The resistors draw a total current of 50 mA. 
Calculate: 

a. The current in the 3.3-kQ, resistor. 

b. The peak-to-peak voltage indicated by an oscillo- 


C. 


scope across the source. 
The total power dissipated in the two resistors. 


Solution 


a. Current in the 3.3-k© resistor, 


Ri 


a= IX Be Re 


(6-13) 


4.7 kQ, 
4.7kQ + 3.3 kO 


= 50 mA x “4 = 29.4 mA 


| 


50 mA xX 


Voltage across the circuit, 


Ve a I2R 
= 294 x 10°°A x 3.3 x 10° 0 
= 97 V 


(15-15b) 


Oscilloscope indication, 


Vop = 2V2V 
2\/f2x97V 
= 274V,~ 


(15-19) 


(Note that it is not necessary to find the total parallel 
resistance.) 
Total power, 


P Valt 
97 V x 50 x 10°°A 


4.85 W 


(15-14) 





R 
VY) 4.7 ko 


FIGURE 15-10 
Circuit for Example 15-9. 
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SUMMARY 


1. The equation of a sinusoidally varying voltage may be given in terms of frequency 
and time by v = V,, sin wt, where w = 27f is the angular frequency in rad/s. 

2. A sine wave of voltage applied to a resistor causes a sinusoidal current that is in 
phase with the voltage. 

3. The power dissipated in a resistor varies between 0 and a peak value (P,,) at a 
frequency twice that of the applied voltage. 

4. The average ac power dissipated in a resistor (with a sinusoidal voltage applied) is 
half the peak power, and is given by: 


Hi 
Zz 


5. Ohm’s law and the power equations apply equally well to a dc circuit and to an ac 
resistive circuit (if rms values are used and care is taken to ensure that voltages and 
currents are limited to the resistive portion of the circuit). 

6. The rms value of an alternating current is that value of dc that is as effective in 
producing heat in a given resistance as the ac. 

7. For sine waves only, 


Pay = 


ie 

ions = V/A 

pee 

rms —_ Te) 
and | ae ey ae 
Vig = WT Vis 


8. Unless otherwise specified, all ac quantities indicated without subscripts are 
understood to be rms values. 


SELF-EXAMINATION 


Answer T or F or, in the case of multiple choice, a, b, c, or d 
(Answers at back of book) 
15-1. The angular frequency of a 60-Hz waveform is 


a. 120 rad/s 
b. 240 rad/s 
c. 377 rad/s 
d. 754 rad/s 


15-2. Given v = 50 sin 4000 wt, the amplitude and frequency are 
a. 50 V, 4000 Hz 
b. 100 V, 4 kHz 
c. 100 V, 2000 Hz 
d. 50 V, 2 kHz 

15-3. A sinusoidal voltage causes a sinusoidal current through a resistor of twice the 
frequency of the applied voltage. 

15-4. The peak current through a resistor is given by V,,/R and is in phase with the 
peak of the applied voltage. _____ 
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15-5. When a 60-Hz ac voltage is applied to a resistor, the power varies from 0 to a 
peak at a rate of 120 Hz. —___— 
15-6. In a 10-Q resistor carrying a peak current of 3 A, the peak and average 


power are 

a. 90 W, 45 W 
b. 9W, 4.5 W 
c. 30 W, 15 W 


d. 45 W, 22.5 W 
15-7. The rms value of a sine wave of voltage of peak-to-peak value 10 V is 


a. 7.07 V 
b. 6.36 V 
c. 3.18 V 
d. 3.535 V 


15-8. The alternating current through a 5-© resistor is 2 A. The rms voltage across 
the resistor is 


a. 10V 
b. SV 
c. TOT VY 
d. 3.535 V 
15-9. An ac ammeter with a sinusoidal current indicates 4 mA. The peak-to-peak 
current is 
a. 2.828 mA 
b. 11.312 mA 
c. 5.656 mA 
d. 1.414 mA 


15-10. The alternating current flowing through a 1-kQ, resistor is 2 A. A suitably 
connected wattmeter will indicate: 


a. 4W 
b. 400 W 
c. 4kW 
d. 4mW 


REVIEW QUESTIONS 
I. What units are used to measure angular frequency? 
How is angular frequency related to frequency in Hz? 
What do you understand by the term angular frequency? 
How many degrees in 77/3 radians? 
How many radians in 225°? 
If an alternating triangular voltage is applied to a resistor, what is the shape 
of the current waveform? 
b. How can you support this? 
c. Is this also true of a square wave? 
4. Can you explain qualitatively why power dissipation in a resistor occurs at a rate 
twice that of the alternating current in the resistor? Given 


bho 
popoge 


sin’? wt = $ (1 — cos 2 wf) 


PROB 


10. 


PRO 


LEMS 


P 
use Eq. 15-8 to show that the power dissipation has an average value of os and 


quantitatively why the overall power varies at twice the current frequency. 

a. Explain why the effective value of a sine wave is not the average value of the 
sine wave. 
Why is it the average value of the square of the sine wave? 

a. What would be the rms value of a full-wave rectified sine wave as in Fig. 14- 
16b, compared with a pure sine wave? 

b. What is the rms value of a square wave that alternates from +10 V to 
= 10 V7 

c. What is the rms value of a direct current of 3 A? 

Under what special conditions can Ohm’s law and the power equations be used in 

ac circuit calculations? 

What measurement and calculation would you have to make to determine the peak 

current through a resistor, connected in a sinusoidal circuit, without the aid of an 

oscilloscope? 

a. If the power and light in an incandescent lamp are pulsating at a rate of 120 
Hz, why is there no visible flicker? 

b. What peak ac voltage is required for a 120-V (sinusoidal) lamp? 

c. In which circuit do you think a 120-V lamp will last the longer, in a 120-V 
ac or a 120-V dc circuit? Why? | 

If we state ac voltages and current in terms of effective dc values, why don’t we 

generate, transmit, and use dc instead of ac? 


BLEMS 


(Answers to odd-numbered problems at back of book) 


15-1 


15-2. 


- A sinusoidal voltage has a peak-to-peak value of 10 V and a frequency of 
20 kHz. 

a. Express this voltage in the form v = V,, sin wt. 

b. Determine the instantaneous value at t = 105 ws. 

Repeat Problem 15-1 for a current waveform with a peak-to-peak value of 
50 mA and a frequency of 30 kHz. 


15-3. Given the equation v = 70 sin 50t, determine: 
a. The amplitude of the voltage. 
b. The peak-to-peak value. 
c. The angular frequency. 
d. The frequency in Hz. 
e. The period. 
f. The voltage when t = 1 s. 
15-4. A sinusoidal voltage has a period of 20 ws and has a value of 2 V att = 
1 ws. Express this voltage in the form v = V,, sin wt. 
15-5. A sinusoidal voltage with a peak-to-peak value of 120 V and a period of 


2.5 ms is connected across a 33-Q) resistor. Calculate: 
a. The peak value of the current. 

The frequency of the current. 

The equation representing the voltage. 

The equation representing the current. 


oS 
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15-6. Repeat Problem 15-5 with a 47-kQ) resistor. 
15-7. For the information in Problem 15-5 calculate: 

a. The peak power in the resistor. 

b. The average power in the resistor. 

c. The frequency of the power variation. 
15-8. Repeat Problem 15-7 with a 47-kQ resistor. 
15-9. Determine the rms value of the following: 

a. 7.5 V peak 
b. 14 mA peak-to-peak 
c. 20 mV peak-to-peak 


d. 17 A peak 
15-10. Determine the peak values of the following: 
a. 8V 
b. 20 pA rms 
c. 120 V effective 
d. -10 mA p-p 
15-11. Determine the peak-to-peak values of the following: 
a. 120 V 
b. 240 V rms 
ce. ISA 
d. 1.6 pV 
15-12. Determine the rms values of the following: 
a. 340 V p-p 
b. 50 mV peak 
c. 325 kV peak 
d. 100A p-p 
15-13. An ac ammeter connected in series with a 220- resistor indicates 580 mA. 
Calculate: 


a. The applied voltage. 
b. The power dissipated in the resistor. 

15-14. An electric heater is rated at 1.5 kW at 120 V ac. Calculate: 
a. The hot resistance of the heater. 
b. The current drawn by the heater. 

15-15. What is the maximum permissible reading of an ac ammeter in series with a 
33-Q, 2-W resistor? 

15-16. What is the minimum resistance that a 3-W resistor may have if it is to be 
safely connected across an alternating voltage of 6.3 V? 

15-17. If an ac voltmeter connected across a resistor indicates 5 V and a series-con- 
nected milliammeter reads 2.2 mA, calculate: 
a. The power dissipated in the resistor. 
b. The resistance of the resistor. 

15-18. A voltage having the equation v = 30 sin 30007t V is applied to a 6.8-kQ 
resistor. Calculate: 
a. The reading of an ac voltmeter across the resistor. 
b. The reading of an ac ammeter connected in series with the resistor. 
c. The power dissipated in the resistor. 

15-19. Three series-connected resistors have a sinusoidal voltage applied to them. An 
ac voltmeter across the first resistor indicates 12 V; an ac ammeter in series 
with the second resistor indicates 2.4 A; and an oscilloscope across the third 
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resistor reads 10 V peak-to-peak. If a wattmeter, connected to read the total 
power delivered to the series circuit, indicates 55 W, calculate: 

a. The resistance of each resistor. 

b. The power dissipated in each resistor. 

c. The applied voltage. 

15-20. Three resistors R,, R, and R3 are connected in parallel across a sinusoidal 
voltage. An ammeter in series with the first reads 1.5 A while an oscilloscope 
across the second indicates a peak voltage of 35 V. If R; = 2R, and a watt- 
meter indicates a total power of 200 W in the whole circuit, calculate: 

a. The resistance of each resistor. 
b. The power dissipated in each resistor. 
15-21. Given the circuit in Fig. 15-11, find: 
a. The rms value of the applied voltage (V7). 
b. The values of Ry, Rs, and Re, if they are equal in value. 
c. The total resistance of the circuit. 
15-22. Given the circuit in Fig. 15-12, find: 
a. The ammeter reading. 
b. The reading of the voltmeter across the supply. 
c. The wattmeter reading. 
d. The values of R; and R, if R; = 2R>. 





—>| 2Vvpp K— 
FIGURE 15-11 
Circuit for Problem 15-21. 129 





FIGURE 15-12 
Circuit for Problem 15-22. 











AC MEASURING 
INSTRUMENTS 
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One of the most important instruments used to measure 
alternating voltage is the cathode-ray oscilloscope (CRO). This 
instrument measures and displays peak-to-peak voltage, period, 
and phase relationships. Since the oscilloscope is widely used in 
industry and in the laboratory, understanding its operation is 
essential. In this chapter, you will learn the construction and 
operation features that are common to most oscilloscopes. The 
different probes that are used will also be covered. 


Most often, alternating current voltmeters and ammeters are 
calibrated to indicate rms values. Many of these meters, however, 
only indicate rms values when used in sine wave applications. 
They are generally of the permanent-magnet moving-coil (PMMC) 
type, as described in Chapter 12, but use additional diodes to 
rectify or convert the ac to a proportional dc. Other meters show 
the true-reading rms value regardless of the waveform. Finally, 
this chapter will consider precautions arising from common-ground 
connections when using equipment operated from a 120-V, 60-Hz 
supply. 
eS LES TET EEA ETT EE 


THE CATHODE-RAY OSCILLOSCOPE 


16-1 THE CATHODE-RAY 
OSCILLOSCOPE 


The manner in which any voltage (or current) varies with 
time can be displayed on an instrument called an oscillo- 
scope. This device relies upon a beam of electrons that 
strikes a fluorescent screen, providing a ‘‘picture’’ of the 
input waveform variation. In the case of a sine wave, for 
example, it will show all the instantaneous values over a 
full cycle by providing a continuous display of one or 
more cycles. 


16-1.1 Construction 


The ‘‘heart’’ of the oscilloscope is the cathode-ray tube, 
or CRT. In a modern solid-state instrument, this is usually 
the only tube to be found (older instruments used a number 
of vacuum tubes that have been replaced by solid-state 
components). The CRT consists of a glass envelope that 
has been highly evacuated (i.e., a vacuum has been drawn 
inside the tube). Figure 16-1 is a schematic representation 
of the CRT. 

A heater or filament is used to bring the cathode to a 
high temperature, which causes the cathode to emit elec- 
trons. (Before this process of electron emission was fully 
understood, these electrons were referred to as ‘‘cathode 
rays.’’) The control grid regulates the flow of electrons 
from the cathode, and thus the brightness or intensity of 
the image on the CRT screen. The focusing anode, which 
has a hole in its center, shapes the stream of electrons into 








©) 
Heater O 
Cathodeo 


. 4, Focusing J 
anode 


Electron gun 


Control grid 
for brightness 
or intensity 


FIGURE 16-1 


Vertical deflection 


Accelerating 
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a tight stream, or beam. The beam of electrons next passes 
through the accelerating anode, which is held positive 
with respect to the cathode by 2 kV or more. Electrons 
accelerate toward this anode, pass through the hole in the 
center of the anode, and travel toward the screen. Taken 
together, the cathode, grid, focusing anode, and acceler- 
ating anode form the electron gun, which has the sole 
function of providing a controlled beam of electrons. 

After emerging from the accelerating anode, the beam 
passes between two sets of deflecting plates. Voltages ap- 
plied to these plates ‘‘bend’’ the beam of electrons up, 
down, left, or right to control the point where it strikes the 
inside face of the screen. This is called an electrostatic 
deflection system, and is quite suitable for the small de- 
flections needed for oscilloscope operation. In television 
set CRTs, larger deflections are needed and are provided 
by magnetic fields set up by coils arranged in a yoke 
around the outside of the tube. 

The inside of the CRT’s screen is fluorescent—it is 
coated with phosphors that are excited (made to glow) 
when struck by the beam of electrons. The result is a 
bright spot or line visible on the screen. Different phos- 
phors are used to provide green or yellow displays, de- 
pending upon the manufacturer. Phosphors also have dif- 
fering degrees of persistence, causing a spot to continue to 
glow for a shorter or longer time after the electron beam 
has moved on. The electrons arrive at the screen moving 
at a speed of approximately one-tenth the speed of light. 
If the beam is allowed to remain in one spot for many 
hours, it can ‘‘burn in’’ that spot on the phosphor screen. 

The inside of the tube is coated with a conductive film 
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of graphite material called aquadag. This coating serves as 
an electrostatic shield against outside fields and, in some 
oscilloscopes, as an additional accelerating anode. The 
aquadag coating also serves as a means of avoiding elec- 
tron accumulation on the screen. When the electron beam 
arrives at the screen, secondary electrons are emitted, 
which must be returned to the power supply. These elec- 
trons are collected by the aquadag coating and make their 
way back to the cathode through the power supply. 


16-1.2 Operation 


If no voltage is applied to the deflecting plates, the beam 
of electrons will continue in a straight line from the accel- 
erating anode, causing a bright spot in the center of the 
screen. (See Fig. 16-2a.) 

If a potential difference is applied to the horizontal 
(X-axis) deflecting plates, the negatively charged electron 
beam will move toward the positive potential. This causes 
the spot on the screen to change its position horizontally. 
If a varying (sawtooth) voltage is used to provide this hor- 
izontal deflection, at a minimum frequency of about 16 
Hz, the movement of the spot of light on the screen will 
appear as a straight, continuous line. (See Fig. 16-25.) 
This is usually referred to as the trace. 

If a sine wave of voltage is applied to the vertical 
(Y-axis) set of deflecting plates, in addition to the voltage 
applied to the horizontal plates (as previously described), 
the pattern shown in Fig. 16-2c will appear on the screen. 
As the electron beam moves from left to right, it is also 
deflected vertically by the sine wave—upward when the 
upper plate is positive, downward when the upper plate is 
negative. The frequency of the voltage on the horizontal 
plates can be adjusted (usually from less than 1 Hz to 
many megahertz) so that one or two full cycles of the volt- 
age on the vertical plates will be displayed on the screen. 
(Provision is made electronically to blank the electron 
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beam while it is being returned from the right side of the 
screen to the left side. If the oscilloscope’s STABILITY 
control is improperly adjusted, retrace or multiple trace 
problems will occur.) 


16-1.3 Function of Controls 


Figure 16-3 shows a representative example of the com- 
mon single-beam oscilloscope. The controls typically 
found on such instruments include: 


BRILLIANCE Adjusted to give convenient image 
intensity. 

FOCUS AND ASTIG(MATISM) Adjusted for sharpest 
definition. 


TRIG(GER) LEVEL Controls the point at which the 
applied input waveform is initially displayed. 
Normally left at the counterclockwise AUTO setting, 
so that the display begins at its average position. 


STABILITY Adjusted to provide a stationary, stable 
(nonoverlapping) waveform. 


Y SHIFT, VERNIER Used to make coarse and fine 
vertical adjustment of the trace position on the screen. 


X SHIFT Used to adjust the position of the trace 
horizontally on the screen. 


TRIG SELECTOR 
TV FIELD, TV LINE Used in conjunction with 
TRIG LEVEL to provide correct triggering for video 
pulses. Normally set to the OUT position. 
HF Used in conjunction with TRIG LEVEL for 
high frequencies (1 to 10 MHz). 
+/— Used to select triggering of the observed input 
waveform on either the positive or negative going 
slope of the waveform. ‘‘Inverts’’ the waveform. 
INT/EXT TRIG When the button in pushed IN, the 
triggering sweep of the beam is controlled by an 
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internally generated voltage. When the button is OUT, VOLTS/CM_ Determines what voltage connected at the 


the EXTERNAL TRIGGER control is active. INPUT will cause a vertical deflection of 1 cm. The 
EXT(ERNAL) TRIG(GER) Allows an external voltage VOLTS/CM knob controls the gain of a vertical 
to be connected for triggering purposes. This provides amplifier so that a 1-cm deflection on the screen may 


more stable displays for nonperiodic waveforms. represent an input from 10 mV to 50 V. This is only 
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the case when the VARIABLE knob in the center of 
the control is set to its fully clockwise or 
CALIBRATED position. 

TIME/CM Determines the rate at which the beam 
sweeps across the screen. When the inner VARIABLE 
knob is in its CALIBRATED position (and the X 
GAIN knob is rotated fully counterclockwise to its 
CALIBRATED position), each centimeter of 
horizontal movement corresponds to the time selected 
with the TIME/CM knob. This control actually varies 
the frequency of the internally generated voltage that is 
applied to the horizontal deflection plates. It is 
adjusted to give a convenient number of cycles on the 
screen. 

EXT X_ If the TIME/CM knob is rotated fully 
counterclockwise an external voltage may be applied 
directly to the horizontal plates. (See Section 16-1.6.) 

INPUT This is the connection point for a probe used to 
apply to the oscilloscope the voltage to be measured. 

DC/AC In the DC (direct coupling) position, a voltage 
to be observed at the INPUT is coupled directly to the 
amplifier. This allows both ac and dc voltages to be 
observed. In the AC (alternate coupling) position, only 
the ac portion of an input can be observed. If the input 
happens to contain a dc level, the dc is blocked by a 
capacitor and does not appear on the screen. The DC 
setting gives a trace of the full information contained 
in the input; the AC setting gives a trace of only the 
ac portion of the input. 

CAL 50 mV pp Provides an accurate, internally 
generated reference voltage used to check and calibrate 
the oscilloscope’s vertical amplifier by adjusting the 
SET GAIN control. 

PROBE TEST A positive-going, fast-rise pulse used to 
adjust (compensate) 10X probes. (See Section 16-1.4.) 


16-1.4 Oscilloscope Probes 


Measuring voltage between two points with an oscillo- 
scope is initially very similar to measuring voltage with a 
voltmeter. An oscilloscope probe consists of two leads. 
The input tip is connected through the body of the probe 
via a coaxial cable to the input connection of the oscillo- 
scope. The ground lead of the probe is connected to the 
metal sheath of the coaxial cable. The tip is considered the 
positive lead; the ground lead, the negative side. The 
ground lead is usually connected to the ground side of the 
120-V ac supply that powers the oscilloscope. As de- 
scribed in Section 16-6, care must be taken with the 
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ground connection to avoid erroneous readings and possi- 
ble damage to the instrument. 

There are two basic types of oscilloscope probes. The 
most common type is referred to as a /0X or 10:1 probe. 
It incorporates a voltage-dividing circuit that reduces the 
input voltage to the oscilloscope to one-tenth of the value 
at the tip. The voltage divider may be either in the body 
of the probe or in the form of an attenuator at the end of 
the cable. The advantage of the 10X probe is that it in- 
creases the usual input resistance to the oscilloscope from 
1 MQ, to 10 MQ, reducing loading problems. It also ex- 
tends, by a factor of 10, the maximum voltage that the 
oscilloscope can be used to measure. (This factor must be 
taken into account, however, when reading the oscillo- 
scope. ) 

To provide the proper flat response to a square wave 
input, the voltage-dividing circuit in the probe requires ad- 
justment from time to time. This probe compensation is 
done by connecting the probe to a suitable square wave (as 
at the PROBE TEST terminal) and making an adjustment 
in the probe. Each probe must normally be compensated 
for the oscilloscope with which it is to be used. 

Direct probes do not include a voltage-dividing circuit, 
and are generally used for measuring voltages in the mil- 
livolt range. Such low voltages require the maximum sen- 
sitivity of the oscilloscope. 

Direct probes are usually marked 1X; if a probe is un- 
marked, it is generally a 10X probe. 

For direct measurement and display of current wave- 
forms, current probes are available. These probes provide 
a slot in which the current-carrying wire is placed, allow- 
ing measurement without breaking the circuit under test. 
With a suitable amplifier system (either separate from, or 
included in, the oscilloscope), either dc or ac currents from 
1 mA to more than 100 A can be measured. 


16-1.5 Measurement of Voltage and 
Frequency 


Assume that an oscilloscope probe has been connected 
across a Sinusoidal voltage, and that the controls have been 
adjusted to display the waveform shown in Fig. 16-4. 

In this example, the peaks of the sine wave coincide 
with the graticule lines 2 cm above and 2 cm below the 
O-V level. Thus, the peak-to-peak displacement occupies 
4 cm. To convert this to a voltage, you must use the 
volts/cm calibration (in this case, 0.2 V/cm). If you take 
into account the 10X factor, the full peak-to-peak voltage 
is given by 
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FIGURE 16-4 
Typical waveform for measurement of voltage and 
frequency. 


= number of cm X volts/em X 10 (16-1) 


Vp-p 


Therefore, V,, = 4cm X 0.2 V/cm X 10 
=8V 
When a direct probe is used, the 10X factor is omitted. 

The peak voltage that has been measured (V,) equals 
4 V, although only 0.4 V was actually connected to the 
oscilloscope itself (since the probe’s voltage-dividing cir- 
cuit reduced the voltage by a factor of 10). 

After some practice, you should be able to read voltage 
directly from the waveform on the oscilloscope by noting 
how many volts each cm represents. For example, in the 
above, combining the 0.2 V/cm with the 10X probe factor 
means that each centimeter is ‘‘worth’’ 2 V. Starting from 
the bottom of the waveform and moving centimeter by 
centimeter you read 2 V, 4 V,6V, 8 V for the 4-cm peak- 
to-peak waveform. Each small subdivision would represent 
0.4 V for any waveform that does not occupy a whole 
number of centimeters. 

Frequency is measured in a similar way, but the 10X 
factor is not used. First, you have to obtain the number of 
cm for one cycle, or period (T). In Fig. 16-4, the period 
is represented by 2 cm, at 0.5 ms/cm. 


= number of cm for one cycle X time/cem (16-2) 
Therefore, 7 = 2 cm X 0.5 ms/cm 
= 1 ms 
1 
= es 14-12a 
fee (14-12a) 
1 
= —— = 1 kHz 
1x 10 ~s 


323 


NOTE When making horizontal and vertical measurements, 
both the horizontal and vertical variable controls must be in the 
CALIBRATED position. Also, when measuring dc levels, the lo- 
cation of the trace for 0 V (zero volt) must be identified. 


When measuring peak-to-peak voltage, the waveform 
does not have to be centered on the screen. Where the 
peak-to-peak value is not a whole number of centimeters, 
the Y-SHIFT is used to line up either the positive or neg- 
ative peak with a graticule line. Then, the X-SHIFT is 
used to center one of the peaks (positive or negative) on 
the finely divided vertical graticule line. This allows you 
to determine the overall height of the waveform. A similar 
method is used to measure the period when a waveform 
does not occupy a whole number of centimeters horizon- 
tally. This is demonstrated in Example 16-1. 


EXAMPLE 16-1 


Given the waveform and oscilloscope settings shown in 
Fig. 16-5, determine, assuming a 10X probe, the follow- 
ing: 

a. The peak voltage, V,. 

b. The period, T. 

c. The frequency, f. 


Solution 
a. V,» = number of cm x volts/em x 10 (16-1) 
= 46cm x 50 x 10°° Wem x 10 
=23 V 
_Vop _ 23) _ 
Vp = > S V=1.15 V 
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FIGURE 16-5 
Waveform for Example 16-1. 
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b. 7 = number of cm x time/cm (16-2) 
= 3.2 x 0.2 ms/cm 
= 0.64 ms 

Ge f= : (14-12a) 
_ 1 
~ 0.64 x 1073s 
= 1.56 kHz 


The accuracy of the vertical and horizontal controls 
ranges from +3% to +5%, depending upon cost of the 
instrument. Errors arising from reading the vertical and 
horizontal deflections will negatively affect the accuracy 
level. 


16-1.6 Lissajous Figures 


Another method of measuring frequency eliminates the in- 
accuracy of the TIME/CM sweep control. The frequency 
to be measured is applied to the vertical input, as before, 
but a variable frequency sine wave is connected to the hor- 
izontal input through the EXT X connection. (See Fig. 
16-6.) The electron beam is now swept from left to right 
by the external sine wave, instead of the internally gener- 
ated wave. 

The frequency of the horizontal input is varied until a 
stationary pattern is displayed on the screen. This pattern, 
called a Lissajous figure, takes on different shapes accord- 
ing to the ratio of the two frequencies. Lissajous figures 
for various frequency ratios are shown in Fig. 16-7. 

The Lissajous figures actually displayed on the oscillo- 
scope might not be as symmetrical as those shown in Fig. 
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16-7. For example, when the horizontal and vertical fre- 
quencies are the same, an ellipse or a straight line can be 
seen gradually changing to a circle. This is caused by 
slight differences in time or phase relationships between 
the two waves. Actually, this is useful information, and is 
covered under ‘‘phase angle measurements’’ in Section 
24-8. 

Similarly, the other patterns may ‘‘drift,’’ but at the 
ratios shown, they will become stationary. The unknown 
frequency is then known in terms of the variable fre- 
quency. In general, the frequency ratio is given by the 
ratio of the number of tangent points on the horizontal to 
the number of such points on the vertical. That is, 

f, _ number of horizontal tangent points 16.3 
Sh number of vertical tangent points oe) 

For example, see Fig. 16-7d. A line drawn horizontally 
on the top of the figure touches the figure at two points. A 
line drawn vertically at the side of the figure touches it at 
three points. Thus f/f, = 3%. If f, = 120 Hz, 


Z 
3 x 120 Hz = 80 Hz. 


The frequency of the unknown is determined only as 
accurately as the variable frequency is known. This fre- 
quency may be obtained from a signal generator, of which 
there are two common types. 

An audio signal or function generator, as shown in Fig. 
16-8, provides sine and square (and sometimes triangular) 
output voltages. The frequency is variable, usually from 
approximately 1 Hz to 1 MHz, and the amplitude is also 
variable, with a maximum value from 10 to 20 V peak-to- 
peak. Signal generators like this one are used to inject sig- 
nals into circuits (such as amplifiers) so that their gain and 
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FIGURE 16-6 
Measuring frequency 
using Lissajous figures. 
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FIGURE 16-8 
Typical function generator. (Courtesy of Hewlett- 
Packard Company.) 
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(c) hy = 2fh 


FIGURE 16-7 
Lissajous figures for 
various frequency ratios. 


frequency characteristics can be measured with an oscillo- 
scope. Radio frequency (RF) generators provide higher 
frequencies (up to hundreds of megahertz) for use in ser- 
vicing radio, TV, and communications equipment. 

Where high accuracy is required, the use of Lissajous 
figures for frequency measurement is very limited. A more 
accurate and convenient method, using a frequency meter, 
is covered in Section 16-8. The Lissajous method, how- 
ever, can be used as a quick check on the calibration of an 
audio signal generator at low frequencies. This can be 
done by comparing the line frequency (60+0.02 Hz) with 
the 60-Hz setting on the generator. Also, as mentioned 
earlier, Lissajous figures can be used to make phase angle 
measurements in circuits at a given (constant) frequency. 


16-1.7 Other Oscilloscopes 


A common type of oscilloscope on which two waveforms 
can be displayed simultaneously is the dual beam or dual 
trace oscilloscope shown in Fig. 16-9. Channels A and B 
control the input signal from two independent probes. This 





326 


1G 


LORCA ORE AEARAAARADO LOO ANCOAAAAAMA INO Not pnenLettiptiiiiine, 


TERTAOHEKS 





allows the time and phase relationships of the two wave- 
forms to be immediately visible. Modern oscilloscopes of 
the dual-beam type can display waveforms with frequen- 
cies of several GHz. 

With a ‘‘develop while you wait’’ camera, a photo- 
graph (hard copy) of the waveforms displayed on the 
screen can be made for reference. Alternatively, oscillo- 
scopes with a storage feature can “‘freeze’’ or store away 
a given waveform, displaying it later upon demand. 

Other modifications of oscilloscopes and their circuitry 
include curve tracers that display the characteristics of 
solid-state devices, logic state analyzers that display digi- 
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FIGURE 16-9 
Dual-beam storage 
oscilloscope. (Courtesy 
of Tektronix, Inc.) 


tal events in a data stream and automotive ignition 
analyzers. 

In the next several sections, you will examine some of 
the meters designed to measure ac quantities. 


16-2 AC METERS USING THE PMMC 
MOVEMENT 


As you will recall from Chapter 12, the permanent-magnet 
moving-coil (PMMC) meter movement is polarity-sensi- 
tive and is used for dc measurements. Consider the appli- 
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(a) Ac input waveform 


FIGURE 16-10 
Operation of an ac meter using a PMMC movement. 


cation of a sinusoidal voltage to a PMMC movement. Dur- 
ing the first half of the cycle, the meter movement 
experiences a torque in one direction, followed by a torque 
in the opposite direction during the remaining half of the 
cycle. At a frequency of 60 Hz, the reversals are so rapid 
that the pointer on the meter scale will be unable to follow 
the alternations—it will remain at zero and exhibit a small 
vibrating motion. The meter actually indicates the average 
value of the sine wave, which is zero. 

To make the pointer deflect in only one direction, the 
current must be made to flow through the movement in one 
direction (i.e, not alternate). In ac milliammeters and some 
other meters, this is done by using diodes connected in a 
bridge circuit, as shown in Fig. 16-10b.* (Ac voltmeters 
usually convert the ac to dc by using one or two diodes in 
a shunt rectifier or voltage doubler circuit, followed by a 
filter. ) 

A diode is a device that allows current to flow through 
in only one direction (indicated on schematics by an ar- 
row) when the polarity across the diode is favorable. (See 
Section 28-5 for more detailed information on diodes.) In 
the bridge circuit shown in Fig. 16-10b, diodes D1 and D2 
will conduct on the positive half-cycle; during the negative 
half-cycle, diodes D3 and D4 will conduct instead. The 
waveform of the current through the meter movement is 
shown in Fig. 16-10c. This is a full-wave rectified wave- 
form, which you should recognize as the output of a sim- 
ple dc generator. Its average value is 0.636 (2/7) of the 
peak value. The pointer moves through an angle propor- 
tional to this average value. The point at which it comes 
to rest on the scale is marked with the effective value of 


*In addition, a current transformer is used to provide a low resistance 
when the meter is inserted in a circuit. 





(6) Bridge circuit 
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(c) Waveform of direct current 
through the movement 


the applied sine wave. The ac scale of a meter using a 
PMMC movement is linear, although some nonlinearity 
occurs on very low ranges, due to the characteristics of the 
diodes. Separate scales are often used for the 1.5-V and 
5-V ac ranges to take this nonlinearity into account. 

Because of the need for rectification, the ac sensitivity 
(or ohms per volt rating) of ac meters using a PMMC 
movement is lower than the dc sensitivity. A typical VOM 
with a dc sensitivity of 20 kQ)/V may have an ac sensitiv- 
ity of only 5 kQ)/V. In some electronic voltmeters (VTVM 
or solid state) with 11-M©), resistance on direct current, the 
input resistance is only 1 MQ for alternating current. De- 
spite these shortcomings, PMMC movements are widely 
used for analogue multimeters capable of measuring both 
alternating and direct current. Such meters are capable of 
indicating ac voltages at frequencies of 1 MHz and 
higher, which the ac meters described below are unable 
to do. 


16-3 THE ELECTRODYNAMOMETER 
MOVEMENT 


The inability of the PMMC movement to handle ac current 
without rectification is due to the fixed direction of the 
permanent magnet’s field. If the magnetic field could be 
reversed each time the current in the movable coil re- 
versed, the result would be pointer movement in one di- 
rection. This is achieved by replacing the poles of the per- 
manent magnet with two stationary coils, as shown in Fig. 
16-lla. The movable coil is free to turn in the space be- 
tween the two stationary coils, which act as solenoids. 
This type of movement is called an electrodynamometer. 
If the fixed and movable coils are series-connected, as 
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shown in Fig. 16-1la, the result is an ac ammeter. This 
basic meter movement can then be used with shunts and 
multipliers to make any range of ammeter and voltmeter. 
Because the deflection of the pointer is proportional to the 
square of the current, scales used for these meters are non- 
linear. The markings are crowded together toward the low 
end and more widely spaced toward the high end. 

This type of movement will also operate on dc, but is 
too expensive to compete with dc ammeters using the 
PMMC movement. The electrodynamometer movement 
allows calibration on ac by noting the degree of deflection 
for given values of dc current. In fact, this movement in- 
dicates true-reading rms values for all waveforms. 

The sensitivity of the electrodynamometer movement is 
much lower than that of the PMMC movement, having a 
value of about 50 (/V for an ac voltmeter. Also, the fre- 
quency range of this movement extends from dc up to only 
about 125 Hz, so meters using it are limited to making 
measurements in power circuits. 

The real value of the electrodynamometer movement is 
in its application to measuring average power (either ac or 
dc) in a wattmeter, as shown in Fig. 16-11D. 

You have already considered, in Chapter 9, the external 
connection of the wattmeter terminals. You can now see 
that the current terminals make the load current pass 
through the heavy stationary coils, setting up a field whose 
strength depends on the amount of current. (There is no 
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coil 





(a) Movement used as a milliammeter. 
(Note the nonlinear scale.) 


FIGURE 16-11 
The electrodynamometer movement. 
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iron in these coils, so there is a linear relationship between 
the field and the current.) 

The potential terminals connect the movable coil across 
either the source or the load. The force acting to turn the 
coil thus depends on both the current and the voltage. The 
resulting pointer deflection is proportional to the product 
of the two—P = VI for a pure resistor. 

However, if the circuit contains components other than 
resistance, the wattmeter reading still gives the true power 
in watts, although the result is no longer solely given by 
the product P = VI. (See Section 25-6.) 

It should be noted that if the potential (movable) coil is 
connected across the load, a slight error is introduced by 
the additional current drawn by the potential coil. If con- 
nected across the supply, the potential coil includes an ad- 
ditional voltage drop across the load-carrying current coils. 
Consequently, the potential coil is usually connected di- 
rectly across the Joad, as shown in Fig. 16-11. This pro- 
duces a constant error. The error can be compensated for 
and corrected by opening the load circuit and subtracting 
the no-load wattmeter reading from all future readings. 
Note that the scale of the wattmeter is Jinear, unlike the 
scales of ammeters and voltmeters using the electrodyna- 
mometer movement. 

It should be clear that, with direct current, polarity must 
be observed when making wattmeter connections to avoid 
backward deflection of the pointer. This also applies to 


Meter scale 
no 50 W 75 w ; 
0, 
18) Oy 


Current 
terminals 


Multiplier 
resistor 


terminals 


(6) Movement used as a wattmeter 
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alternating current, because each ac half-cycle has its own 
instantaneous polarity. The + (or red) terminal of the po- 
tential coil must be connected to the side of the line where 
the current coil is located. (See Fig. 16-11b.) As is the 
case with any electrodynamometer movement, most watt- 
meters are not suitable for frequencies above 100 Hz. Spe- 
cial meters must be used for higher frequencies. 


16-4 MOVING-IRON INSTRUMENTS 


A group of devices called moving-iron instruments has 
been developed primarily for making ac measurements. 
These consist of iron vanes attached to a pointer and free 
to move in a magnetic field. The vanes carry no current 
(they move because of induced magnetic effects), so the 
movement is rugged, simple and less expensive than the 
electrodynamometer movement. This movement is also an 
inherent rms indicator in all waveforms. However, an in- 
strument using this movement is less sensitive than the 
PMMC movement, very limited in frequency, and has a 
nonlinear scale. Moving-iron ammeters and voltmeters, 
like those using the electrodynamometer movement, are 
limited to low-frequency power circuit applications. 
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FIGURE 16-12 
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16-5 FREQUENCY METER 


In Chapter 13, you learned how a digital multimeter can 
be used to measure voltage, current, and resistance with a 
high degree of accuracy and resolution. Although an oscil- 
loscope (which is an analogue device) can be used to mea- 
sure period and frequency, it seldom is more accurate than 
2%. An instrument that provides direct digital measure- 
ment of these quantities is shown in Fig. 16-12. 

Typical of many such devices, this instrument is a mul- 
tiple-function counter. It presents a 6-digit display of fre- 
quency and period for waveforms ranging from 5 Hz to 80 
MHz, giving a resolution of 0.1 Hz and 100 ns. The in- 
strument may also be used to display a running total of 
input events, in the form of pulses, up to a maximum of 
999999. The counter requires only 25-mV input for oper- 
ation of all functions. 


16-6 PRECAUTIONS WITH GROUNDED 
EQUIPMENT 


The neutral side of the 120-V, 60-Hz domestic supply is 
grounded, usually to a cold water pipe where the supply 


RESOLUTION/ PER AVED ee 
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Multiple-function counter to measure frequency and period. (Courtesy of John Fluke Mfg. Co., Inc.) 
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High or “hot” lead 


(black or red) 










(white) 
Ground 
(green) 


(a) Wiring of a 120-V receptacle 


enters the building. The neutral must be a continuous, un- 
broken line throughout the whole wiring system. As shown 
in Fig. 16-13a, the larger opening on a 120-V receptacle 
is the grounded neutral, while the ‘‘hot’’ or high side is 
connected to the smaller opening.* (In 120-V, single- 
phase polarized systems, the third opening of the recepta- 
cle is also connected to ground. The safety feature pro- 
vided by this third connection is discussed in Chapter 18.) 

Most electronic equipment that operates from the 
120-V, 60-Hz supply has one side of its output (in the case 
of a signal generator) or one side of the input leads (in the 
case of meters and oscilloscopes) connected to the power 
line ground. This side is usually designated as the negative 
(—) or low side. 

Consider a situation in which an oscilloscope, with its 
negative side grounded, is connected across a source that 
also has one side grounded. If the grounds are not 
matched, the result is a direct short across the source, as 
shown in Fig. 16-13b. Since a signal generator has a rather 
high internal resistance, from 50 to 600 2, the result is 
merely a 0-V indication. But if the source is a 120-V re- 
ceptacle, a high current will flow at the instant of con- 
necting the ground lead, whether or not the probe has al- 
ready been connected. In some cases, this can cause 
expensive-to-repair damage to the measuring instrument. 

The path that is provided by unmatched grounds be- 
tween circuit ground and instrument ground is called a 
ground loop. This is usually a shorter path for current to 
flow through and generally results in larger currents flow- 
ing, aS well as erroneous readings. 


*For safe and proper operation of some equipment, two-prong plugs 
must be inserted in the receptacle with the proper orientation to maintain 
correct polarity. In a TV set, for example, proper orientation of the plug 
ensures that the metal cabinet is connected to the grounded neutral rather 
than the ‘‘hot’’ side of the circuit. To ensure correct polarity, the plugs 
provided with such appliances have blades of differing sizes. The wider 
blade on the neutral side can be inserted in the receptacle only with 
proper orientation. 


120 V source or 
signal generator 





(6) Improper connection of grounded 
oscilloscope causes a short circuit 
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— Ground lead 


FIGURE 16-13 
Ground connections in 
a receptacle outlet and 
oscilloscope. 


Obviously, grounds should be connected to each other 
to avoid such a problem. If the identity of the ground is 
unknown, only the probe should be connected. If no volt- 
age is indicated on the measuring instrument, the probe 
has been connected to ground, and should be moved to the 
other terminal. In many cases, connection of the ground 
lead is unnecessary, since all voltages being measured will 
be with respect to ground. 

Figure 16-14 shows another problem arising from 
ground loops. If the oscilloscope is connected across R, 
(Fig. 16-14a), Rz is shorted out. The oscilloscope indi- 
cates the full voltage from the source, not the true voltage 
that was across Rj. If it is possible to interchange R, and 
R5, as in Fig. 16-14b, the true value can be obtained if 
grounds are observed. Otherwise, the voltage across Ro, 
subtracted from the source voltage, will give the voltage 
across R,. This will work, however, only where all the 
components are resistors, or capacitors, or pure inductors. 

In situations where measurements are being made 
across mixtures of resistors, inductors, and capacitors, the 
problem of grounds can be eliminated by using an isola- 
tion transformer to supply power to either the source or 
the measuring instrument. This is discussed further in Sec- 
tion 18-4. 





(a) Oscilloscope ground shorts out R, (6) Oscilloscope measures 


true voltage across R, 
FIGURE 16-14 
Oscilloscope measurements taking grounds into 
account. 


SELF-EXAMINATION 


SUMMARY 


1. 


A cathode-ray oscilloscope generates a beam of electrons that is deflected verti- 
cally and horizontally to display a ‘‘picture’’ of a voltage waveform on a fluores- 
cent screen. 


2. An oscilloscope allows voltage and period (time) to be measured using calibrated 

vertical and horizontal controls (VOLTS/CM and TIME/CM) as follows: 
Vp-p = number of cm x volts/cm 
T = number of cm X time/cm 

3. A 10X probe reduces the input voltage by a factor of 10. This requires the voltage 
equation given above to be multiplied by 10. 

4. A Lissajous figure results from applying sine waves to both the horizontal and 
vertical deflection plates of the oscilloscope. The resulting pattern on the screen 
allows the ratio of the two frequencies to be determined by the method of tangent 
points: 

f, _ number of horizontal tangent points 
Sh number of vertical tangent points 

5. A PMMC movement can be used in an ac meter if diodes are used to convert the 
ac to a proportional dc. 

6. An electrodynamometer movement replaces the permanent magnet poles of a 
PMMC movement with fixed solenoid coils for ac applications. 

7. The fixed and movable coils of an electrodynamometer are used to measure power 
in a wattmeter. 

8. Moving-iron instruments use iron vanes moving in a current-carrying coil to cause 
true-reading rms deflections, primarily in ac power circuits. 

9. A frequency meter can measure period and frequency of ac waveforms with a high 
degree of accuracy and resolution. 

10. Most electronic equipment operated from the 120-V, 60-Hz supply has one side 
of its input or output grounded. Ground connections must be matched to avoid 
possible damage to measuring equipment. 

SELF-EXAMINATION 


Answer T or F, or, in the case of multiple choice, a, b, c, or d 
(Answers at back of book) 
16-1. The electron gun is that part of a CRT that produces the beam of electrons. 


16-2. An electrostatic deflection method is used in an oscilloscope whereas a mag- 


netic deflection method is used in TV tubes. 


16-3. The voltage waveform to be examined is connected to the X-axis or horizontal 


deflection plates. 


16-4. The Y-SHIFT control can be used to move the display to one side or the other. 


16-5. The VOLTS/CM control is adjusted for the largest, complete vertical display 


on the screen. 


16-6. The TIME/CM control is adjusted for the desired number of cycles or portion 


of a cycle. 
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16-7. 
16-8. 


16-9. 


16-10. 


16-11. 


16-12. 


16-13. 
16-14. 


16-15. 


16-16. 
16-17. 


16-18. 


The dc input switch can be used only with pure dc voltages. 

When using a 10X probe, both the horizontal and vertical deflections must be 
multiplied by 10. —______ 

A direct probe may be used where small input voltages require the full vertical 
sensitivity of the oscilloscope. 

An oscilloscope displays a peak-to-peak value of 3.2 cm with a 10X probe and 
a VOLTS/CM setting of 20 V/cm. The peak voltage is 

a. 32 V c. 640 V 

b. 320V d. 64V 

An oscilloscope displays 4 cycles over an 8-cm distance with a 10X probe and 
a TIME/CM setting of 50 s/cm. The period and frequency are 

a. 10 ps, 100 kHz c. 100 ps, 10 kHz 

b. 100 ys, 100kHz d. 400 ws, 2.5 kHz 

The frequency of an unknown sinusoidal frequency may be determined to an 
accuracy of 0.1%, even if the oscilloscope is only 3% accurate, by the use of 
Lissajous figures. 

A Lissajous figure is a stationary pattern only when the two frequencies are 
exactly equal. 

A dual-beam (or dual trace) oscilloscope may simultaneously display two 
waveforms of the same or related frequency on the same screen. 

If a symmetrical ac voltage, at power line frequencies, is applied directly to a 
PMMC movement, the resultant deflection will be approximately 0.707 of the 
applied peak voltage. 

PMMC movements are used in ac meters because of their high sensitivity. 


The electrodynamometer movement may only be used to measure power. 


When measuring power line voltages with an ac-operated voltmeter or oscillo- 
scope, it is best not to make any ground connection at all. 


REVIEW QUESTIONS 


1. a. 
b. 
C. 
Ze as 
b. 
C. 
3. a. 
b. 
Cc. 
d. 
4. a 
b. 
c. 


What is an ‘‘electron gun’’? 

What polarity voltage must be applied to the control grid to reduce intensity 
in the CRT trace? 

What type of deflection system does an oscilloscope use? 

What produces the visible trace on a CRT screen? 

What might happen if electrons were allowed to accumulate on the screen? 
How are these excess electrons removed? 

Where does the voltage come from to normally sweep the electron beam 
across the CRT screen? 

What would be the visual effect on a displayed waveform if the sweep fre- 
quency were reduced to a very low value? 

When would you want the sweep frequency to be very high? 

What display would occur for a sine wave input if the TIME/CM control were 
turned to external? 

What type of probes are commonly available? 

What advantages does a 10X probe provide? 

How does it affect the determination of voltage and frequency? 


AC MEASURING INSTRUMENTS 


PROBLEMS 


oo 
+P eS 


Describe in your own words the oscilloscope technique to make a peak-to- 
peak voltage measurement that does not happen to be a whole number of 
centimeters in height. 

Repeat part (a) for a frequency determination. 

Why is it generally more convenient to obtain the peak voltage by first deter- 
mining the peak-to-peak value? 

Assume that the same sine wave is applied to both the vertical and horizontal 
plates of an oscilloscope. What kind of Lissajous figure will result? 

Draw two sine waves, one under the other and in phase with each other. 
Assume that one is connected to the vertical, the other to the horizontal de- 
flection plates. Also assume that positive voltages deflect the electron beam 
upwards or to the right; negative voltages deflect the beam downward or to 
the left. Determine what pattern results in a Lissajous figure. 

Repeat part (b), assuming that one is displaced by 90° or a quarter of a cycle 
from the other. 

Why does a PMMC movement indicate zero when a pure ac voltage is applied 
to it? 

How may a PMMC movement be used to indicate ac values? 

What effect does this have on the sensitivity of an ac voltmeter in a VOM? 
Explain how an electrodynamometer can be used to measure power. 

Why is the wattmeter’s scale linear but an ammeter’s scale nonlinear? 


9. Why i is it possible for a wattmeter to read backward when measuring ac power? 
10. Why is there some slight error in a wattmeter reading according to the way the 
potential terminals are connected? 


11. a. What is a common drawback that moving-iron and electrodynamometer volt- 
meters have compared with a PMMC voltmeter? 

b. What features do moving-iron and electrodynamometer meters have in com- 
mon? 

12. a. What problems can arise when making ac measurements with power-line- 
operated equipment in circuits that are also supplied from the 120-V, 60-Hz 
line? 

b. If ac has ‘“‘no polarity,’’ why does it matter how a voltmeter is connected in 
a circuit? 

c. Does this apply to portable meters such as a VOM? 

d. If a circuit is battery-operated, is there any difficulty in using an oscilloscope 
without regard to grounds? 

e. What problems may occur if a line-operated voltmeter and an oscilloscope are 
used simultaneously? Explain. 

PROBLEMS 


(Answers to odd-numbered problems at back of book) 


16-1. 


16-2. 


Given a 5.3 cm peak-to-peak oscilloscope deflection, determine the peak volt- 
ages for the following VOLTS/CM settings assuming a 1X probe: 

a. 10 mV/cm 

b. 0.2 V/cm 

c. 5 V/cm 

Repeat Problem 16-1 using a 10X probe. 
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16-3. 


16-4. 
16-5. 


16-6. 
16-7. 


16-8. 


16-9. 
16-10. 
16-11. 
16-12. 


16-13. 


FIGURE 16-15 
Circuit for Problems 16-13 through 16-16. 


An oscilloscope displays five complete cycles in 8 cm. Determine the fre- 
quency for the following TIME/CM settings assuming a 10X probe: 

a. 0.5 s/em 

b. 2 ms/cm 

c. 0.1 ms/cm 

d. 5 ps/cm 

Repeat Problem 16-3 assuming three complete cycles in 7 cm. 

The frequency of a voltage is being determined using the method of Lissajous 
figures as in Fig. 16-6. A stationary figure is obtained with five horizontal 
tangent points and three vertical tangent points when the horizontal frequency 
is adjusted to 360 Hz. What is the frequency of the unknown? 

Repeat Problem 16-5 with the vertical and horizontal inputs interchanged. 

A sinusoidal voltage having a peak-to-peak deflection of 4.6 cm at 0.2 V/cm 
is observed on an oscilloscope using a 10X probe across a 4.7-kQ, resistor. If 
one cycle occupies 2 cm at 0.2 ms/cm, determine: 

a. The peak value of the current. 

b. The frequency of the current. 

c. The equation representing the voltage. 

d. The equation representing the current. 

A voltage having the equation v = 20 sin 200071 volts is applied to a 5. 1-kO, 
resistor. Calculate: 

a. The reading of an ac voltmeter connected across the resistor. 

b. The reading of an oscilloscope connected across the resistor in volts. 

c. The reading of an ac ammeter connected in series with the resistor. 

d. The reading of a frequency meter, in the period mode, connected across 
the resistor. 

An oscilloscope connected across a resistor indicates 18 V,, while a series- 
connected ammeter indicates 2.4 mA. What is the resistance of the resistor? 
What peak-to-peak voltage does an oscilloscope indicate when connected 
across a 1.2-kQ resistor when an ac ammeter indicates a resistor current of 10 
mA? 

Repeat Problem 16-8 with v = 60 sin 10,000m7 and R = 22 kQ. 

An oscilloscope indicates 100 Vp—p when connected across a resistor that dis- 
sipates 100 mW. What is the resistance of the resistor? 

Refer to Fig. 16-15. Given: the oscilloscope across R2 indicates 28.28 V5; 
the ac ammeter indicates 3 mA; and the ac voltmeter across R, indicates 9 V, 
R, = R,. Also, R3 = 10 kQ). Calculate: 

a. The reading of an ac voltmeter connected across V7. 

b. The total resistance of the circuit. 
c. The resistance of R>. 

d. The resistance of R4. 


AC MEASURING INSTRUMENTS 





PROBLEMS 
16-14. Repeat Problem 16-13 for R; = 20 kQ and a voltmeter reading of 5 V. 
16-15. Refer to Fig. 16-15. V7 is a 24-V source with point y grounded. Also, Rj = 
2kO, Rp = 10kQ, R3 = 10 kO, and Rg = 5k). 
a. With neither oscilloscope nor voltmeter connected, what is the reading of 
the ac ammeter? 
b. What are the readings of the ac ammeter and voltmeter when the voltmeter 
is connected across R, with side g grounded? 
c. What are the readings of the ammeter, voltmeter, and oscilloscope when 
the oscilloscope is connected across R» with side v grounded? 
16-16. Repeat Problem 16-15 with V7 as a 36-V ac source with point x grounded. 
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So far, you have considered only one property of an electric 
circuit: resistance. Resistance opposes the flow of current no 


matter whether the current is steady or changing. In this chapter, 
you will learn about inductance. Inductance is the property of a 


circuit or component that opposes only a change in current 
through the circuit or component. 


This property relies on electromagnetic induction to induce an 
opposing emf whenever the current is changing. If this emf is 
induced in the same coil as the changing current, the effect is 
called se/f-inductance. When the emf is induced in a nearby coil 
that is magnetically coupled to the coil with the changing current, 
the effect is called mutual inductance. Discussed in this chapter 
will be the factors that affect inductance and the result of making 
series and parallel connections of inductors. 





* 


SELF-INDUCTANCE 


® increasing 





i increasing 
+ 







v Induced emf 


(a) Switch being closed 


Core 


i cael 


Self-induced emf 
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® decreasing 






i decreasing 









+ 


Self-induced emf v 






+ 





(6) Switch being opened 


Changing flux due to 
changing current 





Wire 





(c) Changing flux from one turn “‘cuts’”’ adjacent turns in the coil 


FIGURE 17-1 


Self-induced emf due to inductance and changing current. 


17-1 SELF-INDUCTANCE 


Inductance is a property of a circuit or coil that arises 
from electromagnetic induction in the coil itself or in a 
neighboring coil. (See Fig. 17-1a.) 

In Section 14-3, you saw how an emf was induced in a 
coil, at the instant a switch was closed, by a changing field 
within that coil. This is the situation shown in coil B of 
Fig. 17-la. But the conditions that induce the emf in coil 
B are also present in coil A. Thus, a self-induced emf is 
developed in coil A (within the coil itself), opposing the 
applied emf. 

Similarly, when the switch is opened, as in Fig. 17-1), 
the decreasing current (and flux) in coil A self-induces an 
emf with a polarity that attempts to keep the current flow- 
ing. This is another example of Lenz’s law at work, as 
explained in Chapter 14. 

The way in which an expanding (or collapsing) mag- 
netic field in one turn of a coil links and ‘‘cuts’’ adjacent 
turns is shown in Fig. 17-1c. This is the source of the self- 
induced emf in a coil with a changing current. 

The ability of a coil to self-induce an emf when cur- 
rent through it is changing is called the coil’s self- 
inductance, or simply inductance. The letter symbol for 
this property is L; its basic unit is the henry (H). 

Inductance (by Lenz’s law) always creates an induced 





voltage that is opposed to the effect that created it. But it 
only does this when the current is changing and thus, 
causing a change in magnetic flux. Also, it is found that 
the self-induced emf is higher if the current is made to 
change at a faster rate. The following equation states these 


two effects: 
A e 
= (2) volts 


where: v is the emf induced, in volts (V) 
L is the inductance, in henrys (H) 
Ai is the change in current, in amperes (A) 


At is the change in time, in seconds (s) 
Ai\ . 
—_} 1s the rate of change of current, in am- 
At 
peres/second (A/s) 


(17-1) 


The polarity of the induced emf is best determined from 
an application of Lenz’s law.* 


*Some texts use a negative sign in Eq. 17-1: 
_ Ai 
v= -L ‘Ae volts 
to signify that the voltage induced in the coil is a counter emf. We shall 
use Eq. 17-1 to give the voltage across the coil (either as an emf or 
voltage drop) and Lenz’s law to obtain the polarity from the conditions 
that caused it. 


(17-1a) 
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EXAMPLE 17-1 


The current in a 200-mH coil increases from 2 to 5 A in 
0.1 s. Calculate: 

a. The rate of change of current. 

b. The self-induced emf. 


Solution 
Ai 5A-2A 
Al = a7 = 30 A/s 


Ai 
b. v= i (2) (17-1) 
= 200 x 10°°H x 30A/S =6V 


a 


Equation 17-1 can be rearranged to obtain the definition 


for inductance in terms of the induced voltage and rate of - 


change of current: 


,£<=— (17-1b) 


ry 
At 

From Eq. 17-1b, you can see that, an inductance of 1 
H may be defined as that inductance which, when cur- 
rent through it is changing at the rate of 1 A/s, induces 
an emf of 1 V. (See Fig. 17-2.) 

Note the schematic symbol for inductance used in Fig. 
17-2. The parallel lines next to the coil indicate a magnetic 
(iron) core. Such a core is needed for large values of 
inductance (1 H or higher). However, as you will learn in 


the next section, the magnetic core causes the inductance 
to vary with the current through the coil. 





eles 


=1 


A 
S 


(increasing) 


source 





FIGURE 17-2 
An inductance of 1 H induces an emf of 1 V due to 
a changing current of 1 A/s. 
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EXAMPLE 17-2 


The current in a 5-H coil varies as shown in Fig. 17-3a. 
Draw the waveform of voltage induced in the coil. 


Solution 


During the first 10 ms: 


an 17-1 
(1.0 — 0.4) A 
ao Pee 
oN Xx ox 1073s 


5H x 60 A/s = 300 V 


Ai . 
Note that Te is constant at 60 A/s during this interval 


(0 to 10 ms), so the induced voltage is constant as 
shown in Fig. 17-30. 
From 10 to 20 ms there is no change in current, so 


Ai 
a 0. As a result, the induced voltage is zero from 10 
to 20 ms. 





0 10 20 Zo 


(a) Current variation 


= LOO0 


(6) Induced voltage 


FIGURE 17-3 
Waveforms for Example 17-2. 


FACTORS AFFECTING INDUCTANCE 


During the interval from 20 to 25 ms, the current is 
decreasing at a constant rate, where: 
Ai 
my (17-1) 
(0 -1)A 
(25 — 20) x 10°%s 
5H x (—200 A/s) = —1000 V 


= 5 Hx 


Since the current is decreasing, the induced voltage has 
the opposite, (negative) polarity, as shown in Fig. 17-36, 
and is constant at — 1000 volts. 


17-2 FACTORS AFFECTING 
INDUCTANCE 


The self-induced voltage in a coil with a changing current 
and flux was given earlier by Faraday’s law: 


= A® (14-2) 
a At 
Ma 
But © = - (11-8) 


where @® is the instantaneous value of flux due to the in- 
stantaneous value of the current (7), and 











l 
Ry = — (11-9) 
pA 
is the reluctance of the coil’s magnetic circuit. 
N A (NpAi 
v= N— 
Thus At ] 
N : 
But are constant for a given coil, and so: 
_ Na (Ai 
oT Nat 
But L 7 (17-1) 
y= — = 
At 
N2 
and therefore L= ue henrys (17-2) 


l 


where: L is the inductance of the coil, in henrys H (or 
Wb/At) 
N is the number of turns in the coil (dimensionless) 
w is the permeability of the magnetic core, in 
Wb/At-m 
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A is the cross-sectional area of the core, in square 
meters (m”) 

I is the length of the core, in meters (m) (length of 
the coil for air-core coils) 

Note that Eq. 17-1 is merely a restatement of Faraday’s 
law, using current variation instead of flux change. Equa- 
tion 17-2, therefore, assumes that all the flux set up by the 
coil links all the turns of the coil. For iron-cored coils, 
this is reasonably accurate. But for long air-core coils, you 
must use empirical equations found in handbooks to take 
leakage of flux into account. In such a coil, some turns do 
not have the same flux linkage as other turns. If the air- 
core coil is relatively short in length, however, it may be 
treated as shown in Example 17-3. 


EXAMPLE 17-3 


A coil of 50 turns is wrapped on a hollow nonmagnetic 
core of cross-sectional area 1 cm* and length 2 cm. Cal- 


culate: 
a. The inductance of the air-core coil (1. = 47 xX 


_, Wb 
10 ye.) 
b. The new inductance when an iron core of relative 
permeability 200 is inserted in the hollow core. 
c. The inductance if the number of turns on the iron 
core is doubled, with no other changes. 


Solution 
N? 
a. L= xr (17-2) 
_ 50° x 4m x 107% Wb/At-m x 1 x 10~* m? 
7 2x 10°7m 
= 15.7 pH 
b. w= Mo (11-5) 


L = 200 x 15.7 wH = 3.1 mH 
c. If the number of turns is doubled, L will quadruple 


L = 4 x 3.1 mH = 12.4 mH 





In developing Eq. 17-2, the permeability (w) was as- 
sumed to be constant. This is true for coils with cores 
made of nonmagnetic materials (Example 17-3A). But as 
shown in Section 11-4.4, the permeability of magnetic 
materials (such as iron) varies widely with the amount of 
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flux density and thus the current in the coil. This means 
that the inductance of any coil with a magnetic core is 
never constant; it varies with the amount of current (and 
flux) in the coil. Many coils have their inductance quoted 
at some specified value of current. For example, a coil 
may have 8 H of inductance at 85 mA, but 14 H if oper- 
ated with only 1 mA of current. 


17-3. PRACTICAL INDUCTORS 


Coils wound intentionally to produce a specified amount 
of inductance are known as inductors or chokes. They 
range in value from a few microhenrys in high-frequency 
communication circuits through millihenrys and up to sev- 
eral henrys in power-supply filter circuits. Figure 17-4 
shows a typical filter coil (other inductors are shown in 
Fig. 1-45). 

In some applications, a variable inductance is required. 
Variability is achieved by using a movable core or slug 
that can be screwed into or out of the coil. (See Appendix 
A for variable inductor schematic symbols.) 

It should be noted that every conductor, even a straight 
wire (one turn), has some inductance. When the wire is 
wrapped into a coil, the flux set up by one turn can more 
readily link the other turns, increasing the self-induced 
voltage and inductance. 


17-4 INDUCTANCES IN SERIES AND 


PARALLEL 


Series or parallel combinations of inductors can be used to 
obtain a desired inductance value. 





a 4 


FIGURE 17-4 


Typical power frequency filter coil. (Courtesy of 
Microtran Company, Inc.) 


INDUCTANCE 


If the inductances are connected in series, as shown in 
Fig. 17-5a, their self-induced voltages are additive, and so 
are their inductive effects. Thus, 


Lr=Ll, +i, +1, +-:>: +0, (17-3) 


where Lr is the total inductance due to series-connected 
inductances having individual values of L;, L,, and so on. 

When connected in parallel, as in Fig. 17-5), the total 
inductance is given by 


henrys 


ee ee ee ee (17-4) 
i ip ta ee 
For two inductors in parallel: 
2S 5, (17-5 
= ——— en = 
T as 2 rys ) 


Note that the above equations for inductors have the 
same form as those used for series- and parallel-connected 
resistors. They apply, however, only if the coils are sepa- 
rated far enough to prevent interaction of their magnetic 
fields (known as coupling). The equations assume that 
there is no mutual inductance. This occurs when coils are 
widely separated or are at right angles to one another. 





EXAMPLE 17-4 


Two inductors placed at right angles have values of 8 
mH and 12 mH. Calculate the total inductance when they 
are connected in 














a. Series. 
b. Parallel. 
Solution 
a Lr7=L,+ Lb (17-3) 
= 8mH + 12 mH 
b, Ee 
> 020 7-—-+_ N20 -—_ 
Lp =L,+L> 





(a) Series connection 
of iron-core coils 


FIGURE 17-5 
Series- and parallel-connected inductances. 


(b) Parallel connection 
of iron-core coils 


MUTUAL INDUCTANCE 


= 20 mH 
_ Ll, x Lp 
Ly + by 
_8mH x 12mH _ 96 
~ 8mH+12mH_ 20 


b. Ly (17-5) 


mH = 4.8 mH 


17-5 MUTUAL INDUCTANCE 


When two coils are parallel to each other (or on the same 
core) and sufficiently close to each other that their mag- 
netic fields interact, an additional inductive effect occurs. 
Figure 17-6 illustrates such a situation: two coils that are 
not connected electrically but are magnetically coupled. 

As you have seen, a changing current (i) not only self- 
induces an emf in L,, but also causes a voltage to be in- 
duced in L,. This is due to the changing flux (®,). But the 
voltage induced in Ly causes a current i, that sets up its 
own changing flux (®,). This, in turn, not only self-in- 
duces an additional voltage in L>, but also induces an ad- 
ditional voltage in L. 

In other words, a changing current in one coil can in- 
duce an emf in the other coil due to a mutual flux. This 
effect is called mutual induction, and the two coils are said 
to have a mutual inductance (M), apart from their own 
self-inductances. 

Mutual inductance, like self-inductance, is measured in 
henrys. 

Two coils have a mutual inductance of 1 H when a 
current changing at the rate of 1 A/s in one coil induces 
an emf of 1 V in the other coil. 

Thus the mutually induced emfs in the circuit of Fig. 
17-6 are given by 


®, increasing due to 75 


®, increasing due to 7, 





FIGURE 17-6 
Mutual inductance M between two coils of self- 


inductance L, and L,. 
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= (17-6 

w= —_— = 
2 i ) 

Ai, 
and = M— : 
Vv} me (17-7) 
These are in addition to the self-induced emfs 

jy; = Ai 17-1 
1 ae ( = ) 

a § Ai, 17-1 
2 hy (17-1) 


17-5.1  Series-Connected Coils with 
Mutual Inductance 


Now consider the total inductance when two coils are se- 
ries-connected, as in Fig. 17-7a. The total emf induced in 
coil 1 is due to L, and M: 


y= La 
The total emf induced in coil 2 is due to L, and M: 
1 Ai 4 yw! 
vy = Lo— — 
nd \; At 
The total emf in both coils = v,; + vw: 


Ai 
r= i + M +1, +™) 


Ai 


| 
. 
| 


where L; = L, + L, + 2M henrys (17-8) 
Thus, the total inductance is increased above the self- 
inductances (ZL; + L,) by an amount (2M) because the 
coils set up a series-aiding flux. 
When coils are connected series-opposing, as in Fig. 
17-7b, the total inductance is 


Lr = L, + L, — 2M henrys (17-9) 


In general, the total inductance of two series-con- 
nected coils, with mutual inductance M is 


Lr = Ll, + L, + 2M (17-10) 


where the positive sign is used for series-aiding coils and 
the negative sign for series-opposing coils. 


henrys 
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® due to L, 






® due to L, 


(a) Series-aiding coils set up flux 
in same direction 
Le = Ly + Lo+ 2M 





EXAMPLE 17-5 


Two coils of inductance 5 and 15 H have a mutual induc- 
tance of 4 H. Determine the following inductances avail- 
able from series-connecting the two coils. 

a. The maximum inductance. 

b. The minimum inductance. 


Solution 
a. benny = L, + L» +2 M (1 7-8) 
=5H+15H+2x4H 
= 20H + 8H = 28H 
b. Lrinin = L, os Lo —2M (17-9) 


=5H+15H-2x4H 
= 20H-8H=12H 





17-5.2 Dot Notation 


Whether two coils are to be connected series-aiding or se- 
ries-opposing is often indicated on schematics by using a 
dot notation. When current enters both dots (or leaves both 
dots), the effect is additive or series-aiding, as shown in 
Fig. 17-8a. But when the current enters one dot and leaves 
the other (Fig. 17-85), the mutual inductance is subtrac- 
tive, or series-opposing. 

This dot notation is also used in both transformers and 
loudspeakers to show correct phasing. For example, when 
paralleling two loudspeakers, you want the two cones to 
move in the same direction at the same time. This rein- 
forces the sound. Making a common connection to the two 
dotted inputs will ensure that the two speakers work in 
phase with each other. 





(b) Series-opposing coils set up flux 
in opposite directions 


INDUCTANCE 


® due to L> 


FIGURE 17-7 

Two series-connected 
coils with mutual 
coupling. 


17-5.3 Coefficient of Coupling 


The amount of mutual inductance between two coils de- 
pends on two factors: the self-inductance of each coil and 
the amount of mutual flux between the two. The physical 
placement of the two coils determines the amount of mu- 
tual flux—the flux that links both coils. Mutual flux is in- 
dicated by the coefficient of coupling (4). 


On, 
k= — 


m (17-11) 


(dimensionless) 
where: k is the coefficient of coupling between the two 
coils,O =kK=1 
®@,, is the mutual flux between the two coils, in 
webers (Wb) 
® is the total flux set up by one coil, in webers 
(Wb) 

For example, when the coils are wrapped on the same 
iron toroid (as in Fig. 17-7), there is very little leakage of 
flux and k is practically equal to 1. 

In Fig. 17-9a, if only 30% of the flux set up by coil 1 
links coil 2, the coefficient of coupling is only 0.3. If the 
two coils are perpendicular to each other, as in Fig. 17- 
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(a) Series-aiding coils, 
M positive 
Lp=L,+L,+2M 


FIGURE 17-8 
Dot notation for coils with mutual inductance. 


(6) Series-opposing coils, 
M negative 


MUTUAL INDUCTANCE 





(6) Minimum coupling 


(a) Mutual flux, ®, between two coils 


FIGURE 17-9 
Coefficient of coupling between coils. 


9b, the coupling is minimum and the coefficient is close 
to zero. 
It can be shown that the mutual inductance is given by 


M=kvVL,-L, (17-12) 


where: M is the mutual inductance, in henrys (H) 
L, is the self-inductance of coil 1, in henrys (H) 
L, is the self-inductance of coil 2, in henrys (H) 
k is the coefficient of coupling (dimensionless) 


henrys 


EXAMPLE 17-6 


Two coils having inductances of 5 and 8 H are wound on 
the same core giving a coefficient of coupling of 0.8. De- 
termine: 

a. The mutual inductance between the two coils. 

b. The maximum inductance if series-connected. 

c. The minimum inductance if series-connected. 


Solution 


a. M=kvVL,- Lp 
= 0.8 x V5H X 8H 
= 0.8 x V40H 
= 5.1H 
b. Lama = Li + Lo + 2M 
=5H+8H+2x 51H 
= 23.2H 
C. Ly, = L, + Lo — 2M 
5H+ 8H —- 2 x 5.1H 
= 2.8H 


(17-12) 


(17-8) 


(17-9) 
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17-5.4 Measurement of Mutual 
Inductance 


The mutual inductance and coefficient of coupling between 
two coils can be measured using a technique suggested by 
Eq. 17-10. If the total inductance is measured with the 
fields aiding: 


Lr, = L, si L, + 2M (17-8) 
and when opposing: 

Lr. — L + Ly — 2M (17-9) 
Subtracting Eq. 17-9 from Eq. 17-8: 

Lr, = Ly. aan 4M 

Lr, — Lr, 
thus M = =a henrys (17-13) 
and c= ae (dimensionless) (17-14) 

V Ly ° L, 


where L7, is the total inductance with the coils connected 
series-aiding, in henrys (H) 
Lr, is the total inductance with the coils connected 
series-opposing, in henrys (H) 


An instrument used to measure inductance is described 
in Chapter 20. Example 17-7 shows how such an instru- 
ment can be used, with Eqs. 17-13 and 17-14, to obtain 
the mutual inductance and coefficient of coupling between 
two coils. 





EXAMPLE 17-7 


A coil of 40 mH is placed parallel to a second coil of 
unknown inductance. When series-connected one way, 
a total inductance of 100 mH is measured; when the 
connections are interchanged a total inductance of 36 
mH is measured. Calculate: 

a. The mutual inductance. 

b. The inductance of the second coil. 

c. The coefficient of coupling. 


Solution 
is — L;. 
a. a (17-13) 
_ 100 mm 36 mH = semi 
b. Lr = Ll, + Le + 2M (17-8) 
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Therefore, 
i= i= hem 


= 100 mH — 40 mH —- 2 Xx 16 mH 
60 mH — 32 mH = 28 mH 


.k=—_ 17-14 
VET = 
_ 16 mH 
~ 4/40 mH x 28 mH 
16 mH 
~ 33.5 mH ~ oa 


EXAMPLE 17-8 


Two equal coils are wrapped on the same core. When 
connected in series one way, a total inductance of 500 
mH is measured; when the connections are _ inter- 
changed, the total inductance is 50 mH. Calculate: 

a. The mutual inductance. 

b. The self-inductance of each coil. 

c. The coefficient of coupling. 


SUMMARY 


INDUCTANCE 
Solution 
Lr; —L 
_ 500 i 50 mH — 112.5 mH 
b. Le =L,+l,+ 2M (17-8) 


Therefore, 2L = L;, — 2M 
= 500 mH — 2 x 112.5 mH 





= 275 mH 
and | = Sm 4375 i 
0 k= Mw (17-14) 
L, . Ls 
_ 112.5 mH 
~ \/1387.5 mH x 137.5 mH 
112.5 mH 
137.5 mH Oe 


Comparing Examples 17-7 and 17-8, note how two 
coils wrapped on the same core have a higher coefficient 
of coupling than when merely placed next to each other. 


1. Self-inductance is the property of a coil to induce an emf within itself due to the 


presence of a changing current. 


2. <A coil’s self-induced emf depends upon the inductance (L) in henrys and the rate 


Ai. 
of change of current — in amperes per second as given by 


At 


3. The polarity of an induced emf is always such that it opposes any change in the 


applied current. 


4. A coil has a self-inductance of 1 H when current changing at the rate of 1 A/s 


causes a self-induced emf of 1 V. 


5. The inductance of a given coil depends on the square of the number of turns in 
the coil, the permeability and area of the core, and the length of the magnetic 


circuit as given by: 


6. Variable inductors use a movable iron core to vary the permeability, and thus the 


inductance of the coil. 


7. The equations for inductances in series and parallel are the same as those for 
resistances if there is no mutual inductance (magnetic interaction) between the 


inductors. 


SELF-EXAMINATION 


8. Two coils have a mutual inductance (M) of 1 H if the current changing at the rate 
of 1 A/s in one coil induces an emf of 1 V in the second coil. 

9. When two coils of self-inductance L, and L, are series-connected with a mutual 
inductance M, the total inductance is 


Lr = LL, + Ln + 2M 


depending on whether the mutual inductance of the coils is aiding or opposing. 
10. The coefficient of coupling (k) between two coils determines the amount of mutual 
inductance (M) as given by 


M= kv LL, 


SELF-EXAMINATION 


Answer T or F, or, for multiple choice, a, b, c, or d 
(Answers at back of book) 


17-1. 


17-2. 


17-3. 


17-4. 


17-5. 
17-6. 


17-7. 


17-8. 


17-9. 


17-10. 


17-11. 


Self-inductance always induces an emf that opposes the change in current that 
produced the emf. 

A conductor must be wrapped into a coil before it can display the property of 
inductance. 

If the current in a 50-mH coil changes from 10 to 20 mA in 5 ms, the induced 
emf is 


a. 500 mV 
b. 0.1 V 
c. 10mV 
d. 100 V 


If the number of turns in a coil is tripled, with all other factors constant, the 
inductance is 

a. doubled 

b. tripled 

c. quadrupled 

d. increased by a factor of nine. 

The inductance of a coil is a constant, regardless of its application. 

A variable inductor has a movable core that changes the permeability and 
therefore the inductance. 

The same equations can be used for inductances in series and parallel as for 
resistors, in all applications. 

Mutual inductance between coils arises because of an interaction of their mag- 
netic fields. 

Mutual inductance always causes an increase in the total inductance when two 
coils are series-connected. 

Two 8-H coils with a mutual inductance of 8 H are connected in series. Their 
total maximum and minimum possible values are 

a. 16H andOH 

b. 16H and&8H 

c. 32H andOH 

d. 24H andOH 

The two coils in Question 17—10 must have a coefficient of coupling of: 

a. OQ 
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a0 oe 
ON 


REVIEW QUESTIONS 


1. a. 


b. 
<a 


Why should a higher rate of change of current in a coil cause a higher emf to 
be induced? 

What other factors will determine how much voltage is induced? 

How would you determine the polarity of the induced emf? 


2. Refer to Fig. 17-la. 


a. 


b. 


How will the voltages induced in coils A and B vary as the switch is closed 
and then opened? 

What would have to be done to coil B to make its induced voltage have the 
opposite polarity when the switch is closed and opened compared with part 


(a)? 


3. Define 1 H of self-inductance and 1 H of mutual inductance. 


4. a. 
b. 
c; 


What causes the inductance of a coil to vary with the current? 
What would you expect to happen to the inductance at saturation? Why? 
Why should Eq. 17-2 not hold for long air-core coils? 


5. Under what conditions do series- and parallel-connected inductors obey the same 
equations as those for resistors? 


6. a. When two inductors that have mutual inductance are series-connected, how 
many sources of induced emf are there when the current through the coils 
changes? 

b. What determines whether all these emfs are additive? 

c. What is meant by the ‘‘dot notation’’? 

7. a. What is the highest coefficient of coupling that is possible between two coils? 

b. How can this be achieved? 

c. If the coefficient of coupling is unity, and the two coils have equal self-induc- 
tances, what can you say about the value of the mutual inductance? 

d. What does this mean about the total inductance when the two coils are con- 
nected series-opposing? 

PROBLEMS 


(Answers to odd numbers at back of book) 


17-1. 


17-2. 


17-3. 


17-4. 


The current in a 7-H coil increased from 0 to 1.4 A in 100 ms. Calculate: 

a. The rate of change of current. 

b. The self-induced emf. 

The current in a 200-wH coil decreased from 12 to 7 mA in 10 ps. Calculate: 
a. The rate of change of the current. 

b. The self-induced emf. 

A 50-mH coil of negligible resistance has a voltage across its terminals of 30 
V. Calculate the rate at which the current is changing in the coil. 

What is the inductance of a coil if an emf of 300 V is induced when the current 
changes from 100 to 101 A in 30 ms. 


PROBLEMS 


17-5. 


17-6. 


17-7. 


17-8. 


17-9. 


17-10. 


17-11. 


17-12. 


17-13. 


17-14. 


A coil of 100 turns is wrapped on a hollow nonmagnetic core of diameter 2 

cm and length 3 cm. Calculate: 

a. The inductance of the coil. 

b. The new inductance when an iron core having a relative permeability of 
180 is inserted in the hollow core. 

An 8-H inductor is to be made by wrapping wire around a circular cross section 

iron toroid having inside and outside diameters of 5 and 8 cm, respectively. 

How many turns are required if the iron’s relative permeability is 250? 

The current in a 5-mH coil increases from 0.5 to 1.2 mA in 10 ws, remains 

constant at this value for 20 ws, and falls to 0 in 2 ws. Draw waveforms of 

current variation and induced emf in the coil showing all the numerical values. 

A square wave of current of peak-to-peak value 20 mA passes through a 2-H 

coil. If the current takes 100 ws to change from one level to another and has a 

frequency of 1 kHz, draw the waveform of induced voltage across the coil as 

seen by an oscilloscope. Show representative time intervals on the horizontal 

axis as well as peak voltages on the vertical axis. 

Three inductors have values of 20, 40, and 60 mH. Determine: 

a. The total inductance when connected in series. 

b. The total inductance when connected in parallel. 

c. How they should be connected to give a total inductance of 44 mH. 

Two inductors, with no mutual inductance, have a total inductance of 50 H 

when connected in series and 5 H when connected in parallel. What are the 

values of the two inductors? 

a. What are the maximum and minimum possible values of total inductance 
when two coils of self-inductance, 7 H and 8 H, are series-connected with 
a mutual inductance of 3 H between them? 

b. What is the coefficient of coupling between the two coils? 

Two equal coils wound on the same core have a total inductance of 10 H when 

connected series-aiding and 5 H when connected series-opposing. Calculate: 

a. The self-inductance of each coil. 

b. The mutual-inductance between the coils. 

c. The coefficient of coupling between the two coils. 

If the coefficient of coupling between two coils of self-inductance, 150 wH and 

200 WH, is 0.2, find the maximum inductance when these two coils are series- 

connected. 

A coil is known to have twice the self-inductance of a second coil. When 

connected series-aiding, their total inductance is 100 mH; when connected se- 

ries-opposing, the total inductance is 10 mH. Calculate: 

a. The self-inductance of each coil. 

b. The mutual inductance between the coils. 

c. The coefficient of coupling between the two coils. 
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18 _ 
TRANSFORMER 





In Chapter 17, you saw that two coils wound on the same iron 
core have a property called mutual inductance—a changing 
current in one coil induces an emf in the other coil. An important 
application of this property is in iron-core power transformers. 
These devices have the ability to step-up or step-down alternating 
voltages, making the distribution of electrical power between the 
generator and the customer practical and economical. They can 
also transform load resistances to effect matching for maximum 
power transfer. 


A special type of transformer, with the output voltage the same 
as the input voltage, is used for isolation where voltage supply 
grounds can cause problems while working with grounded 
equipment. Another special type is the auto-transformer, which is 
particularly adaptable to variable voltage operation. /nstrument 
transformers, in both potential and current types, are designed to 
transform the high voltage and current in distribution systems, 
allowing the safe measurement of power. Finally, this chapter will 
cover briefly a residential wiring system, the safety features of a 
ground system, and the operating principles of a ground-fault 
circuit-interrupter. 
asa RRS Uae ets oe MS, Sie One aaa ee Renee a RS Rn eh Re en Se Mw eae Ew eee 
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THE IRON-CORE TRANSFORMER 


18-1 THE IRON-CORE TRANSFORMER 


As you have seen, the mutual inductance between two 
coils can cause an emf to be induced in one coil as a result 
of a changing current in the other coil. A transformer is a 
direct application of the property of mutual inductance. 
Two coils are wound on the same magnetic core to provide 
a coefficient of coupling close to unity (1.0). An alternat- 
ing current is applied to one coil (the primary winding), 
while the other coil (the secondary winding) is connected 
to the load. Generally speaking, the two windings have 
different numbers of turns. The ratio of the number of 
turns on the primary (N,) to the number of turns on the 
secondary (N,) is called the turns ratio (a). 
(dimensionless) (18-1) 
For example, if there are 200 primary turns and 50 sec- 
ondary turns, a = 4. 


18-1.1 Voltage Ratio 


Consider the application of a sinusoidal voltage to the pri- 
mary of a transformer such as the one shown in Fig. 
18-1. Since the input voltage is sinusoidal, the flux set up 
in the magnetic core is also sinusoidal. This means that 





(a) Pictorial diagram showing 
common flux between the 
primary and secondary 


FIGURE 18-1 
Iron core transformer. [Photograph in (c) courtesy of 
Microtran Company, Inc.] 
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the flux is constantly changing, setting up a sinusoidal 
voltage in the secondary by mutual induction. 

The primary and secondary voltages are given by Fara- 
day’s law: 


A®, 
V5 = ND AP volts (18-2) 
V N ata volts (18-3) 
S Ss At 


In a practical transformer, the primary and secondary 
coils are wound on top of each other on the same iron 
core. (See Fig. 18-1c.) This means that practically all the 
flux produced by the primary links the secondary. Thus 


in the above equations for V, and V,. If, for example, 
N, > N,, then V, > V,. Thus, a transformer can transform 
one voltage level to another. 

Dividing Eq. 18-2 by Eq. 18-3 gives 


2 =-P=q (18-4) 


where all terms are as previously defined. 

Equation 18-4 is often called the transformation ratio. 
It states that the ratio of primary to secondary voltage is 
the same as the ratio of primary to secondary turns. 


(6) Schematic symbol of a 
N step-up transformer 





(c) Power line transfor- 
mer for use in a low 
voltage dc power 
supply suitable for 
mounting on a printed 
circuit board 
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Clearly, from Eq. 18-4, 


Ns 
V, = V, X N. 


P 


Thus, if N, > N,, then V, > V,, and the result is a step- 
up transformer—one that increases the output voltage 
compared to the input voltage. It has a transformation ratio 
(a) less than unity. 

If N, < N,, then V, < V,, and a step-down transformer 
results. In the step-down transformer, the output voltage is 
lower than the applied input voltage. The transformation 
ratio (a) is greater than unity. 

Some transformers are designed to develop an output 
voltage the same as the input voltage. These isolation 
transformers are discussed in Section 18-4. (The auto- 
transformer, which is primarily used to step-up or step- 
down voltage, may also develop an output voltage the 
same as the input voltage. But since the auto-transformer 
includes a common electrical connection between input 
and output, it does not provide isolation. See Section 
18-5.) 





EXAMPLE 18-1 


A transformer with 50 primary turns and 300 secondary 
turns has a primary voltage of 120 V. Determine: 

a. The transformation ratio. 

b. The secondary voltage. 

c. The type of transformer. 


Solution 
Np 
= — 18- 
a a N. (18-1) 
50 turns 
~ 300 turns aiadd 
Vp Np 
_e= 1 - 
b V. N. (18-4) 
V; = Vp Xx _ 
p 
300 turns 
= lige 7 50 turns 


= 120 V x 6 = 720 V 
c. Since a is less than unity or since V; > V,, this is a 
step-up transformer. 





It should be noted that the ability of a transformer 
to function depends on the continual changing of the 


TRANSFORMERS 


A® 
field "ae set up by the alternating current. For this rea- 


son, a transformer cannot operate with constant dc. 


18-1.2 Current Ratio 


So far, transformers have been considered without a load 
connected to the secondary. Without a load, the only cur- 
rent flowing in the primary (Ip) is called the exciting or 
magnetizing current. This current is quite small, but is suf- 
ficient to set up the changing flux in the core. Now, con- 
sider what happens when a load is connected, as shown in 
Fig. 18-2. 

A secondary current (/,) flows, determined by V, and 
R,. But J, must flow through N, in such a way that (by 
Lenz’s law) it sets up a flux opposing the changing flux 
that induced it. 

This demagnetizing force (mmf) produced by the load 
current is given by N,/,. To restore and maintain the flux 
in the core at its initial level and supply the load, an ad- 
ditional current (I,) must flow in the primary. This mag- 
netizing force (N,/,) must equal the demagnetizing force 
(Ns): 


NoJy = Nas 
I, Np ° e 
Thus —-=—=a (dimensionless) (18-5) 


where all the terms are as already defined. 
Equating the value of a in Eqs. 18-4 and 18-5, you can 
see that the current ratio is the inverse of the voltage ratio: 
V 
Thus — = = =a (dimensionless) _ (18-5a) 
This implies, for example, that if a transformer steps- 
up a voltage by a given ratio, the current will be stepped- 
down by the same ratio. 





FIGURE 18-2 
Transformer with a load sets up a demagnetizing 
force in the secondary winding. 


THE IRON-CORE TRANSFORMER 





EXAMPLE 18-2 


A 120-V primary, 12.6-V secondary transformer is con- 
nected to a 10-© load. Calculate: 

a. The turns ratio. 

b. The secondary current. 

c. The primary current. 











Solution 
a. x = Z (18-4) 
has 
b. /, = e (3-1a) 
= — = 1.26 A 
oc I,=h x : (18-5a) 
= 1.26A xX =, = 0.13A 





Note that the primary current calculated in Example 18- 
2C is actually the additional current over and above the 
exciting current (Ip). And, since Ip is generally only 5% of 
the full-load current, it is small enough to be ignored, ex- 
cept in miniature transformers. 


18-1.3 Power, Volt-Ampere Relations, 
and Transformer Efficiency 


Equation 18-5Sa leads directly to consideration of the input 
and output power of the transformer. 


I Vv 


Since i = v. (18-5a) 
then Vol, = Vels volt-amperes (18-5b) 


This states that, assuming a 100% efficient transformer, 
the product of the primary volts and amperes equals the 
product of the secondary volts and amperes. The output 
rating of a transformer is given in volt-amperes (VA), 
rather than watts. This is because the load may not be 
purely resistive (in which case, the current and voltage are 
not in phase with each other). Recall, from Chapter 15, 
that P = Vpleg watts. That is, the power in watts is given 
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by the product of volts and amperes only when the voltage 
and current are in phase with each other.” 

Unless otherwise noted, assume that all loads are purely 
resistive. In such a case, you can say that the input power 
V,J, equals the output power V,/,, for a 100% efficient 
transformer. That is, 


Pin — Vi Lp 
F out = Vols 


(18-6) 
(18-7) 


watts 
watts 


It is important to realize that a transformer, even a 
(voltage) step-up transformer, does not and cannot 
step-up power. An increase in voltage is accompanied 
by a similar decrease in current (and vice-versa). At 
best, only as much power is delivered to the load by 
the transformer secondary as is drawn from the supply 
by the transformer primary. 

The transformer is merely an energy transfer device, 
using magnetic coupling to transfer energy from the pri- 
mary to the secondary circuit. There is no direct electrical 
connection between the primary and the secondary. 

In a practical transformer, the output power is always 
slightly less than the input power, due to losses in the 
transformer itself. 

There are three sources of losses in a transformer: 


1. Winding I’R losses. The resistance of the primary 
and secondary coil windings means that some of the 
input power is converted internally to heat, as given 
by the equation P = /’R. (These are commonly 
called copper losses.) 


2. Hysteresis losses. The magnetic field of the iron core 


undergoes a complete reversal 60 times each second 
(for power line frequencies). Reversing magnetism of 
the iron core expends energy in the form of heat. 
The heat loss is proportional to the area of the 
magnetic material’s B-H loop. (See Chapter 11.) 


3. Eddy current losses. The changing magnetic field in 


the iron core induces an emf within the core, which 
is itself a conductor. This emf sets up currents that 
circulate in the core perpendicular to the flux through 
the core. 


These circulating eddy currents generate heat due to the 
resistance of the core (P = I’R), resulting in less power 


*In general, the product V/ is called the apparent power in volt-am- 
peres. True power in watts is obtained by multiplying the apparent power 
by the power factor. This is the cosine of the angle between voltage and 
current (cos@). That is, P = VJcos®@. For a pure resistor, 8 = 0°, so 
cos@ = 1 and the true power in watts is the same as the apparent power 
in volt-amperes. (See Section 25-6.) 
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®, due to 
eddy currents 


®, due toi 


(a) Changing current zi sets up a 
varying magnetic flux, ®,. 


FIGURE 18-3 
Eddy currents in solid and laminated cores. 


available at the output of the transformer. The induced 
eddy currents also set up an opposing flux (®,) in the core. 
(See Fig. 18-3a.) This results in more current flowing in 
the primary to try to maintain the core’s magnetic field, 
further increasing losses. 

Eddy currents can be induced in a core that is not a 
magnetic material—any good conductor, such as brass, 
will become very hot due to eddy currents. (This is the 
principle behind an industrial heating method called induc- 
tion heating.) 

To reduce eddy current losses, the core is often made 
from laminated sheets of steel, separated by thin layers of 
iron oxide and varnish. (See Fig. 18-3c.) Because the var- 
nish has a high resistance, the eddy currents must travel 
longer paths, resulting in a greatly increased resistance. 
The induced emf in the core is not changed, but the greater 
resistance reduces the eddy currents considerably. As a re- 
sult, the power loss is greatly reduced. 

Losses increase with frequency, so transformers that 
operate at high frequencies (radio frequency, or RF, trans- 
formers) use a ferrite core. As explained in Chapter 11, 
ferrites are ferromagnetic but also relatively good insula- 
tors. This reduces eddy currents and their heating effects 
to a minimum. 

A nonmagnetic copper or aluminum cover is often used 
for RF transformers. This cover provides a shield to pre- 
vent any nearby external circuits from being affected by 
the varying magnetic flux set up in the transformer wind- 
ings by the RF current. The shielding is provided by the 
opposing magnetic field set up in the cover by the eddy 
currents. The cover also shields the transformer from ef- 
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(c) Section A-A of a laminated 
core showing how longer 
paths increase the 
resistance and reduce the 
eddy currents. 


(6) Section A-A of a solid core 
showing circulating eddy 
currents that set up an 
opposing flux ®, in the core. 


fects that might be caused by external varying magnetic 
fields. 

Power transformers, on the other hand, usually have a 
cover that is a good magnetic material. This is because the 
shielding effect resulting from eddy currents is only effec- 
tive at high frequencies. The magnetic material shields the 
power transformer from external low-frequency and static 
magnetic fields (as from wires carrying direct current) that 
would pass through an aluminum or copper cover. (See 
Fig. 18-4.) The iron cover provides mechanical protection 
and also protects external circuits from the transformer’s 
leakage flux. 

Large power transformers can be as much as 98 to 
99.5% efficient. Even at such high efficiencies, the heat 
generated within the transformer is still appreciable and 
can be a problem if not removed. Very large transformers, 
such as the one shown in Fig. 18-5, circulate an oil that is 


Stray 
magnetic 
field 


Shielded 


Magnetic 


space material 





FIGURE 18-4 
Magnetic shielding. 


THE IRON-CORE TRANSFORMER 


not electrically conductive through the windings and core 


to remove heat. Note that 


Pi, = Pox + losses 


a°) 


out _ P out 
Pe. Pou + losses 





and efficiency n = 


EXAMPLE 18-3 


A 4160-V/230-V step-down transformer has a load of 4 

Q pure resistance connected to the secondary. Calculate 

the primary current assuming: 

a. 100% efficiency. 

b. 98% efficiency. 

c. Calculate the losses in the case of part (b). 

d. Determine the necessary output volt-ampere (VA) 
rating of the transformer. 

e. On acircuit diagram show the conditions in part (b). 


Solution 


Vs 
a. Secondary current, /, = R (15-15a) 
L 





FIGURE 18-5 

A 15-kV, 3000-kVA, multiple-tapped oil-filled 
transformer used in an electrostatic precipitator 
system. (Courtesy of NWL Transformers.) 


(18-8) 


(18-9) 
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230 V 
=—— = 5/5A 
4Q, 
For 100% efficiency, V,/, = Vsls (18-5b) 
The primary current, 
Vs 
I, = V, x is 
230 V 
= 7.5A = 3.18 A 
4160 V <> 
Vf 
“== 15-13 
b. Pow = Be (15-13) 
(230 V)? 
= —— = 13.23 kW 
40 
2. F oiit 
efficiency yn = D (3-6) 
Pin = Pout 
nN 
13.23 kW 
oe. 13.5 kW 
Since the load is pure resistance: 
Pin = Vol (18-6) 
) — Pe 
and pb” Vp 
13.5 x 10° W 
~——ateov. A 
c. Losses = Pi, — Pout (18-8) 


= 13.5 kW — 13.23 kW 
= 0.27 kW = 270 W 
d. Transformer output rating (minimum) 


= V./, 

= 230 V x 57.5A 
13,225 VA 

= 13.2 kVA 


I 


e. The conditions in part (b) are shown in Fig. 18-6. 









F iit = 
13.23 kW 


FIGURE 18-6 
Circuit for Example 18-3. 
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18-1.4 Matching Resistances for 
Maximum Power Transfer 


As you learned in Chapter 9, maximum dc power is trans- 
ferred from a dc source to a load if the load resistance (R;) 
is equal to the internal resistance (r) of the source. This 
requirement must also be met to achieve maximum ac 
power transfer in the special case where the source has 
only pure internal resistance and the load is also purely 
resistive. (The requirement for the more general case, in- 
cluding inductive and capacitive effects, is considered in 
Chapter 25.) 

In this section, the use of a transformer to effect maxi- 
mum power transfer if the source and load resistances are 
not equal will be considered. (This is only practical for 
electronic circuits, not power circuits. ) 

When a load (R,;) is connected to the secondary of a 
transformer, an additional current (/,) flows in the pri- 
mary, as shown in Fig. 18-7a. 

As far as the input voltage (V,) is concerned, it appears 
that a load (R,) has been connected directly in parallel with 
the input. This load has a value of 


R, = 
P 


(15-15) 


since, for pure resistance, the primary voltage and current 
are in phase with each other. 


But V, = av, (18-4) 
I, 
and = (18-5) 
a 
V V 
R.=2=ad¢— 
Thus = 7, a 1, 


But, ignoring the resistance of the secondary winding 
itself, 


RK, SE 





(a) Load R,; connected to the secondary 





(6) Equivalent load a?2R, 
connected to the primary 
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YR 
I, 7 


Thus, R, =a@R, ohms (18-10) 


where: R, is the load resistance on the secondary, in ohms 
(Q) 
R, is the resistance ‘‘reflected’’ into the primary, 
in ohms (Q) N 
a is the turns ratio of the transformer, —* (dimen- 


Ss 


sionless) 
Equation 18-10 shows that the load (R,) on the second- 
ary has been ‘‘reflected’’ into the primary side as an equiv- 
alent load equal to a’R,. This means that a transformer can 
transform not only voltage and current, but also resistance. 
A transformer with the proper turns ratio (a) can 
make a given load resistance (R,) appear as a resis- 
tance equal to the source’s internal resistance (r), as 
shown in Fig. 18-7). Whenever r = a’R,, it will pro- 
vide maximum power transfer into the transformer and 
ultimately to the load connected across the secondary. 
This is shown in Example 18-4. 





EXAMPLE 18-4 


An audio amplifier has an open-circuit voltage of 20 V 

and an internal resistance of 125 ©. A transformer is to 

be selected to match a 4-© loudspeaker to the amplifier. 

Calculate, assuming 100% efficiency: 

a. The necessary turns ratio of the transformer. 

b. The primary input voltage and current. 

c. The secondary output voltage and current. 

d. The output power transferred to the loudspeaker by 
the matching transformer. 

e. The power transferred to the loudspeaker if con- 
nected directly to the amplifier. 


FIGURE 18-7 

A load R, connected to 
the secondary is 
reflected into the primary 
as an equivalent load of 
a°R.. 


POWER DISTRIBUTION SYSTEM 


Solution 
a. For matching, Rp = 125 © 


R 
 —— p = 
a 7 (18-10) 
125 0 
2 = ——— = 31.25 
. 40, 


Turns ratio a = V31.25 = 5.6 
b. Refer to Fig. 18-7b. When 


R,=Fr 
V 

VM =5 
20 V 
=—5 = 10V 


Note that this equal division of voltage only holds for 
pure resistances. It does not apply to the general 
case where reactances are involved. 





Vp 
= — 15-15a 
10 V 
2 _ = . = A 
125 O 0.08 A = 80m 
Vp 
= 18-4 
¢: V. a ( ) 
V 
oa) 
10 V 
= — =18V 
6 
I, 
—=a€a (18.5) 
Ip 
l, = al, 
= 56 x 0.08A = 0.45A 
d. P, = 1,°R, (15-12) 
= (0.45 A)> x 40 
= 0.81 W 
V 
._ f= 9-1 
& f= 7, R, (9-1) 
20 V 
= ee | O10 A 
1250+ 40 
Pr; = PR, (15-12) 


= (0.16 A)? x 490=01W 


Note that eight times as much power is delivered to the 
load when the matching transformer is used, compared to 
connecting the load directly across the source. Matching 
transformers are generally specified in terms of the resis- 
tances they are to match, rather than their turns ratio. An 
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audio output transformer, suitable for mounting on a 
printed circuit board, is shown in Fig. 18-8. Note the mul- 
tiple taps available to allow matching to a wide variety of 
loads. 


18-2 POWER DISTRIBUTION SYSTEM 


Figure 18-9 shows the three parts of a power system: the 
generating system, the transmission system, and the distri- 
bution system. Three-phase transformers, with ratings as 
high as 1000 MVA, are used to feed the generated power 
to the transmission line. At the substations, three single- 
phase transformers can be interconnected for three-phase 
operation. The step-up and step-down process is usually 
carried out in stages, rather than in a single step. High 
voltages are used directly by some industries, but resi- 
dences are fed from a 120/240-V secondary, single-phase 
transformer. 

The main reason for generating alternating (rather than 
direct) current is the ability of a transformer to step-up the 
voltage and distribute the power economically. Although 
some transmission systems use dc, the process of stepping 
up direct voltage is not simple. 

If an alternator’s output voltage of approximately 20 kV 
is increased by a factor of 30, the current is reduced by a 
factor of 30. This allows the use of smaller diameter trans- 
mission lines and reduces the /*R power losses that occur. 





FIGURE 18-8 

Audio output transformer suitable for printed circuit 
board mounting. (Courtesy of Microtran Company, 
Inc.) 
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FIGURE 18-9 
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2400/4160 V 
Three phase, 
four-wire 


230 kV 






Three-phase step -down transformers 
at distribution and local 
substations 


2400V— 120/240 V 
single-phase 
O transformer 


120 V }) 
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Use of step-up and step-down transformers in an electric power transmission and distribution system. 


For long-distance transmission lines, the rule of thumb is 
that a potential of 1 kV is needed for each mile. The high- 
est voltage in use today is 765 kV, but experiments are 
being conducted in the 1.5 to 2 million volt range. 


18-3 RESIDENTIAL WIRING SYSTEM 


A typical modern residential wiring system is shown in 
Fig. 18-10. It is important to note that the local transfor- 
mer (located either above or below ground) is single-phase 
with a center-tapped secondary that is grounded. This pro- 
duces a 120/240-V, three-wire single-phase (not three- 
phase) system. 

After passing through a watthour meter that records the 
amount of energy used, the three wires feed the fuse box 
or circuit-breaker panel for the branch circuits. The 
grounded center tap is connected to the neutral and ground 
_ bus in the panel. To ensure a good earth ground, the 
ground bus is connected to a metal cold water pipe. 

As shown in Fig. 18-10, some of the circuit breakers 


are ganged together in pairs to provide the 240-V circuit 
needed by ovens and other large electrical appliances. 
Lights need only a 120-V ‘‘live’’ wire and a neutral. Na- 
tional and local electrical codes specify that the switch 
controlling a circuit be placed on the live side. 

A light can be controlled from two different locations 
using three-way switches as shown in Fig. 18-11. The 
switches are actually of the single-pole, double-throw 
type. In the situation shown in Fig. 18-11, the circuit will 
be completed (lighting the lamp) if S1 is thrown to posi- 
tion A or S2 is thrown to position B. By adding four-way 
switches between S1 and S2, it is possible to control the 
light from many locations (such as a stairway serving sev- 
eral floors). 

Receptacles require a third (grounding) wire that runs 
separately to the neutral or ground bus. The reason for this 
is explained in Section 18-3.1. Some local codes may also 
specify that a ground line be run to both lighting fixtures 
and wall receptacles. 

The size of the wire to be used in a residential system 
is determined by the load and the fuse or circuit-breaker 
rating. A minimum of No. 14 gauge wire should be used 


RESIDENTIAL WIRING SYSTEM 
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with a 15-A circuit breaker, No. 12 gauge for 20-A, No. 
10 gauge for 30-A, and No. 8 gauge for 40-A. (These are 
the commonly available types of wire for residential use.) 
If wire and breaker or fuse sizes are properly matched, the 
breaker will ‘“‘trip’’ or the fuse ‘‘blow’’ before the safe 
current-carrying capacity of the wire is exceeded. This 
avoids an overheating that may cause a fire. 

Where the use of aluminum wire is permitted by local 
codes, special care must be taken to ensure that connec- 
tions are tight. Loose connections create a high resistance 
and can develop enough heat to ignite the aluminum. 


18-3.1 Safety Features of a Ground 
Connection 


Figure 18-12 shows an appliance with a metal case fed 
from a 120-V receptacle. Assume that the appliance cord 


Three-way switch 


Three-way switch. 





Neutral 









FIGURE 18-10 
Residential wiring system. 


Cold water 
line 


is of the two-wire type, with only a live and a neutral wire, 
and that a short has developed on the live side due to the 
wire fraying at the point where it passes through the metal 
case. This causes the case to become live or ‘‘hot’’— it is 
part of the 120-V circuit. 

If a person touches both the case and a ground at the 
same time, his or her body completes a path for current to 
flow. This can happen easily in the damp conditions 
around a clothes washer or dishwasher. The result would 
be a severe (possibly fatal) electrical shock. 

Now, consider the same situation, but with the addition 
of a third ground wire connecting the metal case to the 
grounded receptacle. This is shown by the dotted line in 
Fig. 18-12. If a short to the metal case develops, the 
ground wire provides a path for the current to flow. In 
most cases, this is sufficient to cause the circuit breaker to 
open, disconnecting the power. Even if the current flow 


No. 12 AWG wire 
20A 










FIGURE 18-11 

Three-way switched circuit 
that controls a light from two 
locations. 
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isn’t sufficient to trip the breaker, the case will no longer 
have a dangerous 120-V potential. 


18-3.2 Ground-Fault Circuit- 
interrupters (GFCis) 


Ground protection using circuit breakers is not sufficient 
in some situations, since circuit breakers are thermally op- 
erated and may not open quickly enough to prevent injury 
or damage. An example would be a swimming pool, 
where short-circuit current could be instantly fatal. In such 
situations, and where portable equipment is operated, the 
National Electrical Code requires the use of ground-fault 
circuit-interrupters (GFCIs). These devices, as shown in 
Fig. 18-12, use a toroidal sensing transformer with both 
the live and neutral wires from the power source passing 
through the toroid. When operation is normal, the two 
equal currents in opposite directions through the wires set 
up equal opposing magnetic fields. But if a fault occurs, 
the current takes an alternate path to ground, causing the 
currents in the wires through the toroid to be unbalanced. 
This develops a voltage in the coils of the sensing trans- 
former, opening contacts to disconnect the equipment from 
the power source. The GFCI is very sensitive and fast- 
reacting—a difference of only 5 mA will cause the current 
to be interrupted in just 25 ms. 


18-4 ISOLATION TRANSFORMERS 


In Section 16-6, you learned about the precautions that 
must be taken when using grounded equipment. This is 
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FIGURE 18-12 
Current paths with and 
without ground-return 
wire. 


particularly important when measurements must be made 
on a circuit operated from the 120-V, 60-Hz electrical sup- 
ply. 

Figure 18-13a shows what will occur if the equipment 
ground of the measuring instrument is connected to the 
‘‘live’’ side of the supply. This connection provides a low- 
resistance path (short circuit) that allows a large current to 
flow, damaging the instrument and the circuit. 

That type of problem is avoided by using an isolation 
transformer, which accepts a 120-V input and produces a 
120-V output without any electrical connection between 
input and output. (See Fig. 18-13b.) The secondary side 
does not have a supply ground. This means that the equip- 
ment ground of an instrument connected to the transformer 
secondary side cannot provide a low resistance return path 
to the ungrounded side of the primary. Note, however, that 
if two grounded instruments are used simultaneously on 
the secondary side, their unmatched grounds can cause a 
short circuit in the transformer secondary. (See Fig. 18- 
13c.) To avoid this problem, the instrument grounds must 
be connected to each other. 

Figure 18-14 shows a low-powered isolation transfor- 
mer, suitable for mounting on a printed circuit board. 

It should be noted that the isolation transformer can be 
used to operate either the circuit under test or the measur- 
ing instrument. (In either case, the volt-ampere rating of 
the transformer must be checked to determine if it can han- 
dle the load.) 

The use of an ordinary isolation transformer, however, 
permanently removes the normal ground protection for the 
circuit. To provide both protection and isolation, a device 
called a ground isolation monitor has been developed. Fig- 
ure 18-15 shows such a monitor. 
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Isolation 
transformer 


(c) Two grounded measuring instruments used simultaneously with their 
grounds not matched cause the secondary side to be shorted. 


FIGURE 18-13 
Use of an isolation transformer and precautions with grounded equipment. 





FIGURE 18-14 3 3 
Isolation transformer suitable for printed circuit FIGURE 18-15 


359 





board mounting. (Courtesy of Microtran Company, A ground isolation monitor provides protection and 


Inc.) isolation. (Courtesy of Tektronix, Inc.) 
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The monitor provides ac power to the test instrument 
while temporarily interrupting the protective ground to the 
instrument. This eliminates the common path for unwanted 
ground current and allows the test instrument (specifically, 
an oscilloscope) to ‘‘float.’’ However, if predetermined 
voltage and current limits are exceeded (indicating a pos- 
sible danger to the operator), the power is removed from 
the instrument and the ground connection is re-established. 
In a sense, this device operates much like a GFCI. 


18-5 AUTOTRANSFORMERS 


Where isolation between input and output is not important, 
considerable savings can be realized by using an autotrans- 
former in preference to a conventional transformer. As 
shown in Fig. 18-16, the autotransformer has a common 
electrical connection between input and output. It also has 
a sliding contact like that of a potentiometer, making it 


Variable 
Sliding 
contact 





(a) Arrangement of windings on core. 





(c) Reversing the input voltage connections makes output terminal 
a 120 V above ground at all times. 


FIGURE 18-16 
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adaptable to variable voltage operation. However, the au- 
totransformer does not function as a simple voltage di- 
vider. 

Assume that the autotransformer shown in Fig. 18-16b 
has a total of 240 turns from point a to point c. With a 
primary voltage of 120 V, 80 V will be across the 160 
turns from point a to point b, and 40 V across the 80-turn 
section from point b to point c. A secondary output voltage 
of 80 V across a 10-2 pure resistance load causes a sec- 
ondary current of 8 A. The power delivered to the load is 
80 V xX 8A = 640 W. 

If transformer losses are ignored, the input power from 
the 120-V source must also be 640 W, requiring an input 
current of 5.3 A (640 W/120 V = 5.3 A). Applying Kir- 
chhoff’s current law at point a shows that 2.7 A must flow 
from a tob (8 A — 5.3 A = 2.7 A). 

The actual power transformed by the 160-turn second- 
ary is 80 V X 2.7 A or 216 W, compared with a total 
load of 640 W, or only 33.8%. The largest portion of the 
load power (424 W) is conducted directly from the input 
through the 80-turn section of the primary winding. As a 
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(d) A variable autotransformer. 


Variable autotransformer. [Photograph in (d) courtesy of Staco Energy Products Co.] 
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result, an autotransformer is smaller and uses less iron than 
a conventional two-winding transformer with the same rat- 
ing. 

Some transformers used for variable voltage operations 
(often referred to by the trade name Variac) incorporate a 
small step-up section. This is shown by the dotted section 
in Fig. 18-16b. The step-up section allows the transformer 
to develop a variable voltage output from 0 to 135 V when 
connected to a 120-V input. 

Note that if a two-prong unpolarized plug is used to 
connect the autotransformer to the 120-V supply, the 
grounded neutral may be connected to point c, rather than 
point a. As shown in Fig. 18-16c, the output voltage be- 
tween a and b may be only 80 V, but the output terminal 
will be at 120 V with respect to ground (point c). 

A variable autotransformer is shown in Fig. 18-16d. 
This transformer, with dimensions of 14 x 15 X 8 in., 
can deliver a maximum of 8.4 kVA and 60 A at 0-140 V 
from a 120-V input. 

It should be noted that variable transformers are now 
available with separate primary and secondary windings 
that are not electrically connected, and thus provide isola- 
tion. However, the current and volt-ampere ratings of 
these transformers are approximately one-half of the values 
that are in effect when operating in a nonisolated mode. 


18-6 INSTRUMENT TRANSFORMERS 


Voltage, current, and power in high-voltage ac power cir- 
cuits are not generally measured by direct connection of 
the measuring instruments. Instead, instrument transform- 
ers are used to drop the voltage and current by known 
ratios to a range allowing the connection of standard ac 
voltmeters and ammeters. This arrangement also lessens 
the shock hazard to operators and the potential for instru- 
ment damage. Instrument transformers are available as po- 
tential transformers or current transformers. 


18-6.1 Potential Transformers 


These are small (50-600 VA) transformers that operate on 
the principle of power transformers. They step-down the 
voltage connected across the primary by a definite ratio, 
and are designed to produce 120 V on the output side 
when the rated voltage is applied to the primary. Multiply- 
ing the voltmeter reading by the known ratio provides the 
primary side high voltage. 
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18-6.2 Current Transformers 


Current transformers are designed to be connected in series 
with the line carrying the high current to be measured. To 
keep the resistance inserted in the line as low as possible, 
only a few turns are used in the primary. (See Section 18- 
7 for a discussion of pass-through, clamp-on meters that 
operate as current transformers.) Since the current must be 
stepped-down, the number of turns in the secondary must 
be greater than the number in the primary. The turns ratio 
is usually selected so that 5 A will flow in the secondary 
when rated current flows in the primary. In fact, the cur- 
rent transformer ratio is given as a ratio of primary current 
to secondary current, where secondary current is usually 5 
A. Thus, for example, a current ratio may appear as 300 
A:5 A or a 60:1 ratio. 

Since the connection of an ammeter on the secondary 
provides a very low resistance, very little voltage appears 
across the secondary (despite the transformer being a volt- 
age step-up type). However, if the current transformer is 
operated on open circuit, there is no secondary demagne- 
tizing mmf set up, so the flux density in the core becomes 
very high. This can cause dangerously high voltages to be 
induced in the secondary on open circuit. The secondary 
should always be short-circuited before removing the am- 
meter or making any other changes in the secondary cir- 
cuit. 





EXAMPLE 18-5 


Determine the load current, voltage, and power for the 
given instrument readings and the instrument transform- 
er ratios shown in Fig. 18-17. 


Solution 


load current = ammeter reading x ratio 
=~4Ax15=60A 
load voltage = voltmeter reading x ratio 
115 V x 20 = 2300 V 
load power = wattmeter reading x ammeter ratio 
x voltmeter ratio 


= 350 W x 15 x 20 

= 105,000 W = 105 kW 
Note how the load power is not the product of the load 
voltage and load current. This means that the load is not 
purely resistive, so the current and voltage are not in 
phase with each other (i.e., the power factor, cos 0, is 
less than unity). 
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TRANSFORMERS 







Potential 
transformer, 
ratio 20:1 


Current 
transformer 
ratio 75A:5A 





115 V 


A current transformer is also used in ac milliammeters 
that have the PMMC type of meter movement. As ex- 
plained in Chapter 16, diodes are used to convert the al- 
ternating current to be measured to a proportional direct 
current that will operate the dc meter movement. The volt- 
age drop across the diodes, however, would cause an ex- 
cessive voltage drop across the meter. The current trans- 
former, using a primary with just a few turns, introduces 
a very small voltage drop. As shown in Fig. 18-18, taps 
on the primary winding can be used to give a multirange 
ac ammeter. Diodes connected to the secondary in a bridge 
configuration rectify the alternating current to operate the 
PMMC meter movement. 

Note how fewer turns are used on the primary for the 
1000-mA range than for any other current range. This 
makes the turns ratio, a, smaller and causes a greater step- 
down of current. 


18-7 CLAMP-ON AC AMMETER 


The ac clamp-on ammeter shown in Fig. 18-19 operates 
on the principle of a current transformer. A wire carrying 
an alternating current, when placed between the clamp 
jaws, functions as a single-turn primary. The current in the 
wire sets up an alternating magnetic field in the iron core 
(the jaws) and induces current in a secondary winding. 
This secondary current (which is proportional to the pri- 
mary current) is used, after suitable processing, to operate 
the LED display. Because of the very small turns ratio, the 
instrument can be used to measure currents up to 1000 A. 


FIGURE 18-17 
Instrument transformers to 
measure the line current, 
voltage, and power for 
Example 18-5. 


With suitable probes, the instrument shown can also mea- 
sure ac volts and ohms. 

This type of instrument is not suitable, however, for 
measuring direct current. Although this meter is similar in 
appearance to the clamp-on dc ammeter shown in Fig. 12- 
7, the two instruments employ different operating princi- 
ples. The dc ammeter uses a Hall effect device and can 
measure both dc and ac current; the ac ammeter is essen- 
tially a transformer and will operate on (and thus be able 
to measure) only ac current. 


18-8 CHECKING A TRANSFORMER 


If a transformer fails to develop an output voltage, an open 
in either the primary or secondary could be responsible. If 
the primary is open, no current will flow in either the pri- 
mary or the secondary windings. If the secondary is open, 
only a very small magnetizing current will flow in the pri- 
mary. In a transformer with multiple secondary windings 
(like the one in Fig. 18-20), an open in one secondary will 
not affect the others. An ohmmeter will show an infinity 
reading when connected across the open winding. 

If windings in the secondary short to each other or the 
core, the additional load will draw an increased primary 
current, often burning out the primary winding. It is usu- 
ally necessary to replace the whole transformer when 
windings are open or have been shorted, since repair is 
seldom practical. 

A word of caution: Before deciding to replace a trans- 
former because of a very low ohmmeter reading across a 


MULTIPLE SECONDARY TRANSFORMERS 


Current 


transformer 
Common 


1000 mA 






250 mA 






Bridge 


rectifier 100 mA 


25 mA 


5 mA 





Secondary Primary 


PMMC type of meter 
movement 


(a) Current transformer and bridge rectifier 





(b) Ac milliammeter 


FIGURE 18-18 

Use of a current transformer to operate a PMMC 
meter movement in an ac milliammeter. [Photograph 
in (6) courtesy of Hickok Teaching Systems Inc., 
Woburn, Mass.] 


winding, remember that the dc resistance of most windings 
is very low. This is especially true in power transformers, 
which use windings of wire with a large cross-sectional 
area to carry high currents. Such wires produce very little 
dc resistance. 


18-9 MULTIPLE SECONDARY 
TRANSFORMERS 


As shown in Fig. 18-205, a transformer may have more 
than one secondary winding, and in fact, may have more 
than one primary winding. The phase relationships of the 
windings (shown by the dot notation) determine what volt- 
ages will result when the windings are interconnected. 
The primary of the transformer shown in Fig. 18-21a is 
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FIGURE 18-19 
Digital clamp-on ac ammeter, voltmeter, and 
ohmmeter. (Courtesy of TIF Instruments, Inc.) 


commonly found in equipment that may be operated from 
either 120 or 240 V. (In this way, the equipment is suit- 
able for either domestic or foreign use.) When the two 
primary windings are connected in parallel, a supply of 
120 V is required; when connected in series, a supply of 
240 V is necessary. Example 18-6 shows how to make 
these connections, and the voltages available on the sec- 
ondary side. 


EXAMPLE 18-6 


Given the transformer in Fig. 18-21a, show the wiring 
diagram for 

a. An output of 6 V with an input of 240 V. 

b. An output of 42 V with an input of 120 V. 
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Cc 
e 
Primary 
No. 2 120 V 24 V 
e 
D 


TRANSFORMERS 


(a) Transformer has a center-tapped high-voltage 
secondary on one side (next to the 117-V primary 
terminals), and low-voltage secondary outputs on 
the other side. (Note the iron cover as discussed In 


Sect. 18-1.3.) 
A F 
" 3.15 V 
117 V fe) 
Primary 0 
: G 
B 3.15 V 
H 
240 V 





240 V 





E 


(b) Schematic of the transformer shown in (a) (note the 
dot notation on the windings to show instantaneous 
polarity) 


FIGURE 18-20 
A small power transformer, with schematic. 


18 V 


Q'S 


fe 


(a) Transformer with two primary and two secondary windings 


A E 


240 V 


D H 


(b) Connections for 240-V input, 


6-V output 





A E 
@ 
120 V 18 V 
F 
. 42V 
C G 
@ 
24V 
D HT 


(c) Connections for 120-V input, FIGURE 18-21 
42-V output Circuits for Example 18-6. 


SUMMARY 


Solution 


a. 


For a 240-V input, the two primary windings must be 
series-connected with their magnetic fluxes aiding. 
This is accomplished by connecting together termi- 
nals B and D. See Fig. 18-21b. In this way, if current 
enters primary winding number 1 at the dot (terminal 
A) current will also enter primary winding number 2 
at the dot (terminal D). This is the requirement for 
fluxes produced by the two coils to be additive. 
(Note: If terminals B and C were connected together, 
the fluxes would subtract, and no voltage would be 
developed on the secondary side.) 

On the secondary side, an output of 6 V will result 
if the magnetic fluxes of the 24-V and 18-V coils op- 
pose each other. Connecting together terminals F 


365 


and H will make current entering the dot at terminal 
E exit the dot at terminal G. This causes the mag- 
netic fluxes on the secondary side to be subtractive. 
For 120-V operation, the two primary windings must 
be parallel-connected, again with their fluxes addi- 
tive. This requires that A and D be connected to- 
gether, and terminals B and C connected together, 
as in Fig. 18-21c. Then input current will always ei- 
ther flow into both dots or away from both dots. (Note 
again that if the dot notation had not been observed, 
the fluxes would be subtractive, and the output volt- 
age would be zero.) 

On the secondary side, connecting terminals F 
and G will cause the fluxes to be additive, producing 
an output of 18 V + 24 V = 42 V. 





SUMMARY 

1. The primary winding of a transformer is connected to the source; the secondary to 
the load. The two windings are magnetically coupled to each other on the same 
core. 

2. The turns ratio, voltage ratio, and current ratio are related by 

= Se Ye ts 
Ne Ve dy 

3. A step-up transformer increases output voltage compared with the input, but de- 
creases output current by the same ratio. The output power can never be greater 
than the input power. 

4. A transformer can be used to match resistances for maximum power transfer be- 
cause a load resistance (R;) is reflected into the primary as a load resistance (R,) 
given by 

2 
R, = Ry, 

5. Transformers depend upon the continual change in magnetic field set up by an 
alternating current in the primary winding. They cannot operate from pure direct 
current. 

6. Generator outputs may be stepped-up to as much as 765 kV in a power distribution 
system for transmission to distant customers. 

7. A residential wiring system is fed from a single-phase, center-tapped secondary 
transformer to provide a 120/240-V, three-wire system with a grounded neutral. 

8. <A third-wire grounded receptacle allows the metal frames of appliances and power 
tools to be grounded, preventing shock hazards in the event of a short between the 
‘‘live’’ side of the circuit and the frame. 

9, 


A ground-fault circuit-interrupter (GFCI) is used with a 120-V outlet to sense a 
current imbalance between ‘‘live’’ and neutral wires. The circuit is quickly dis- 
connected in the event of an imbalance indicating a short circuit. 
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10. An isolation transformer has two separate windings. The output voltage is equal 
to the input voltage, but is electrically isolated from any ground on the primary. 

11. An autotransformer shares a single-tapped coil between the input and the output 
to transform voltages using a much smaller core than a conventional two-winding 
transformer. 

12. Instrument transformers step-down voltage or current by a known ratio, so that 
standard meters can be used to make ac measurements. 


SELF-EXAMINATION 


Answer true or false, or, for multiple choice, a, b, c, or d 
(Answers at back of book) 


18-1. 


18-2. 


18-3. 
18-4. 


18-5. 


18-6. 


18-7. 


18-8. 


18-9. 


18-10. 


18-11. 


18-12. 


18-13. 


An iron-core transformer is an application of mutual inductance in which the 
coefficient of coupling is close to unity. — 
A transformer will not operate with pure direct current applied because there 
is no continual changing flux set up to induce a secondary voltage. 

The voltage and current ratios have the same value as the turns ratio. 

A 1:5 step-up transformer with a primary voltage of 120 V has a pure resis- 
tance load of 300 (. The primary current and secondary voltage are 

a. 10 A and 600 V 

b. 0.4 A and 600 V 

c. 0.4 A and 24 V 

d. 10A and 24 V 

Assuming an 80% efficiency, the input power to the transformer in Question 
18-4 is 





a. 6kW 
b. 7kW 
c. 7.5 kW 
d. 8kW 


The volt-ampere rating of a transformer is the same as the power rating in 
watts. 

A transformer is used to match an 8-O, load to a 288-Q, source. The necessary 
turns ratio is 


a. 36 
b. 6 

c. 8 

d. 288 


A power distribution system needs step-up transformers to allow smaller di- 
ameter conductors to be used for the transmission line. 

A residential 120/240-V, three-wire system is an example of a three-phase 
system. 

A variable autotransformer can be used as an isolation transformer simply by 
adjusting the output voltage to be the same as the input voltage. 

When an isolation transformer is used, there is never any problem with using 
grounded measuring equipment on the secondary side. 

A GFCI relies upon equal but opposite currents flowing through a toroidal 
transformer to indicate when a fault occurs. 

A current instrument transformer is connected across the line like a potential 
transformer. 


TRANSFORMERS 


PROBLEMS 


REVIEW QUESTIONS 


1. a. If a transformer has a 120-V primary and a 6.3-V secondary, could it be 
operated in reverse to produce 120 V with a 6.3-V input? 
b. What would determine the maximum input voltage with this mode of opera- 
tion? (Could you apply 120 V to the 6.3-V winding?) 

2. What general principle can you use to justify that in a step-up transformer the 
current must be reduced by at least the same factor? 

3. If a transformer cannot operate on pure direct current, how is it possible for an 
automotive coil (transformer) to induce 25 kV on the secondary from a 12-V dc 
supply? 

4. a. What are the factors contributing to less than 100% operating efficiency in a 

transformer? 
b. How are these effects minimized? 

5. a. What part does a transformer play in providing maximum power transfer? 
b. How does it do this? 

6. a. Under what special condition is the volt-ampere rating of a transformer the 

same as the power rating? 
b. Why is this not generally the case? 
7. a. What maximum distance could power be economically transmitted if trans- 
mission lines were operated at 2 million V? 
b. Why is the step-down process in substations accomplished in stages rather 
than by dropping immediately to 120/240 V? 
8. a. How is it possible for the 120/240 V residential system to be single phase 
with three wires? 
b. Why is the neutral grounded? 
c. In a two-prong receptacle with no separate ground why, if the neutral is 
grounded, is the neutral not tied to the metal frame of the appliance? 
9. a. Describe the operation of a ground-fault circuit interrupter. 
b. Where is a GFCI likely to be used? Why? 
10. a. Explain how an isolation transformer can be used to avoid dangerous short 
circuits when using grounded test equipment on line-operated circuits. 
b. What precautions must still be observed if more than one grounded instrument 
is being used? 
11. a. Why is an autotransformer smaller than a conventional two-winding transfor- 
mer for a given load? 
b. What is a Variac? 
c. Can it be used to step-up the voltage? 
d. What is the disadvantage of an autotransformer? 
12. a. How does a current transformer differ from a potential transformer? 
b. What precaution should be taken when removing an ammeter from the sec- 
ondary of a current transformer? 
c. Why is this necessary? 
PROBLEMS 


(Answers to odd-numbered problems at back of book) 
(Unless otherwise stated, neglect transformer losses.) 
18-1. 


A transformer with 200 primary turns and 65 secondary turns has a primary 
voltage of 50 V. What is the secondary voltage? 
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18-2. 


18-3. 


18-4. 


18-5. 


18-6. 


18-7. 


18-8. 


18-9. 


18-10. 


18-11. 


A transformer with a turns ratio of 0.4 has a secondary voltage of 230 V. What 

is the primary voltage? 

A 4160/230-V single-phase distribution transformer has an output rating of 7.5 

kVA. Calculate: 

a. The maximum current that can safely be drawn from the secondary. 

b. The minimum resistance that can be connected to the secondary. 

A 2300/120-V single-phase transformer is connected to an effective load resis- 

tance of 2 (2. Calculate: 

a. The minimum output rating of the transformer. 

b. The input power if the transformer is 92% efficient. 

A 230-V primary, 24-V secondary transformer is connected to a 15-Q resistive 

load. Calculate: 

a. The turns ratio. 

b. The secondary current. 

c. The primary current. 

d. The volt-ampere rating of the transformer. 

A 115-V primary transformer has a turns ratio of 6.5 and a secondary current 

of 2 A. Calculate: 

a. The secondary voltage. 

b. The primary current. 

c. The load resistance. 

d. The volt-ampere rating of the transformer. 

A 2400 V/240-V step-down transformer has a load of 5 © pure resistance. 

Calculate the primary current assuming: 

a. 100% efficiency. 

b. 90% efficiency. 

A 4160 V/240-V step-down transformer has a load of 2.5 ( pure resistance. 

If the core losses amount to 2 kW, determine: 

a. The efficiency of the transformer. 

b. The primary current. 

c. The volt-ampere rating of the transformer. 

An audio amplifier has an open-circuit voltage of 100 V p-p and an output 

resistance of 64 . A transformer is to be selected to match an 8-Q, loud- 

speaker to the amplifier. Calculate, assuming 100% efficiency: 

The necessary turns ratio of the transformer. 

The primary input voltage and current. 

The secondary output voltage and current. 

The output power in the loudspeaker. 

e. The power in the loudspeaker if connected directly to the amplifier. 

A voltage source with an internal resistance of 80 © is connected to the pri- 

mary of a step-down transformer that has a turns ratio of 5. Calculate: 

a. The load to be connected to the secondary for maximum power transfer. 

b. The open-circuit voltage of the source if 10 W of power are developed in 
the load. 

The total power in a three-phase system is given by P = \/3 VI cos 0, where 

V is the line-to-line voltage and J is the line current. Consider a 230/765-kV 

1000-MW step-up transformer. Calculate, assuming a purely resistive load: 

a. The secondary current when operating at its rated value. 

b. The input current if 99.5% efficient. 

c. The losses in the transformer in the form of heat. 
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TRANSFORMERS 


PROBLEMS 


18-12. 


18-13. 
18-14. 


18-15. 


18-16. 


18-17. 


18-18. 


18-19. 


FIGURE 18-22 


The variable autotransformer in Fig. 18-16b is adjusted to provide an output 
voltage of 90 V with an 8-Q, load. Neglecting transformer losses, determine: 
a. The power delivered to the load. 

The load current. 

The source current. 

The current in the secondary winding. 

The percentage of power transformed by the secondary compared with the 
total circuit power. 

f. The instantaneous directions of current in the circuit. 

Repeat Problem 18-12 with the output adjusted to 110 V and a 10-Q load. 
Repeat Problem 18-12 with the output adjusted to 135 V utilizing the 30-turn 
step-up section, and a 12-Q load. 

Instrument transformers are connected as in Fig. 18-17 to measure line current, 
voltage, and power. If the current transformer ratio is 10:1 and the potential 
transformer ratio is 15:1, determine: 

a. The line current. 

b. The line voltage. 

c. The line power. 

d. The apparent line power (volt-amperes). 

For the instrument transformer ratios given in Fig. 18-17 determine the watt- 
meter reading if the ammeter indicates 5 A, the voltmeter indicates 120 V, and 
a. The load is purely resistive. 

b. The power factor is 0.9. 

c. The power factor is zero. 

Refer to Fig. 18-20. With 117 V applied to the primary, determine: 

a. The rms voltage between C and E. 

b. The peak voltage at F with respect to G. 

c. The peak-to-peak voltage between J and L. 

d. The rms voltage between F and L if H is connected to J. 

Refer to Fig. 18-20. With 117 V applied to the primary, determine: 

a. The rms voltage between J and L. 

b. The peak voltage at L with respect to K. 

c. The peak-to-peak voltage between C and E. 

d. The rms voltage between F and J if H is connected to L. 

e. The rms voltage between F and K if H is connected to L. 

Given the transformer in Fig. 18-22, determine the connection necessary to 


oA0 Sf 


provide the following secondary voltages: A 
a SV . aa 
b. 8 V 

& 1 ¥ B 
d. 26V 

GC 

120 V 11V 

: D 

E 


Transformer for Problem 18-19. F 
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INDUCTANCE IN 
DC CIRCUITS 
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As you have seen, the property of inductance is to oppose change 
of current. In this chapter, you will examine in detail how current 
increases and decreases when a dc voltage is applied to a series 
circuit involving resistance and inductance. This involves defining 
the inductive time constant (L/R) of the circuit, which depends only 
upon the inductance and resistance. The time constant is not 
affected by current, voltage, or any other factors. This time 
constant allows examination of the transient responses in the L-R 


circuit, including those temporary changes in current and voltage 


that take place before steady-state conditions are established. 
These transients may be analyzed using a graphical method of 
universal time-constant curves. 


lf mechanical switching is used to interrupt current in an 
inductive circuit, energy stored in the coil’s magnetic field is 
capable of inducing high voltages. This phenomenon is used to 
advantage in a fluorescent lamp circuit and in an automotive 
ignition system (with the help of a step-up autotransformer). 
Where high voltages could cause damage, however, means of 


reducing inductive effects are necessary. 
Pe Le a SE aT 


RISE OF CURRENT IN AN INDUCTIVE CIRCUIT 3/ft 





lL, Up 
i 
R=1kQ 
FIGURE 19-1 
; Rise of current in a 
0 purely resistive dc 


(a) Dc voltage applied to a resistor 


19-1 RISE OF CURRENT IN AN 


INDUCTIVE CIRCUIT 


In a purely resistive circuit, the rise of current is instanta- 
neous, as shown in Fig. 19-1. Upon the closing of the 
switch, the current rises instantly to its final Ohm’s law 
value. For a given applied voltage, resistance (by itself) 
determines only how much current flows, not the rate at 
which the current changes. The final steady current is de- 
termined by J; = V/R, as shown in Fig. 19-1b. 

Now, consider the circuit in Fig. 19-2a. It consists of a 
coil of negligible resistance in series with a 1-kQ) resistor. 
You could also think of the resistance of the coil being 
‘‘TJumped’’ into a separate series-connected resistor of 1 
kQ.. In either case, the effect on the rise of current is the 
same, as shown in Fig. 19-2b. Note that the current rises 


0 
(6) Current variation with time 


uh 
V 





(a) Circuit containing resistance 
and inductance 


0 


(c) Coil voltage variation with time 


(6) Rise of current in a resistor 


circuit. 


gradually, rather than instantly (as in a pure resistive cir- 
cuit).* 

When the switch is closed, current tries to rise instan- 
taneously (as in a purely resistive circuit). But, as you 
know from Lenz’s law, a voltage (v,) will be induced 
across the coil, opposing any change in current in the cir- 
cuit. In this case, the change would be an increase in cur- 
rent. This results in the polarity of v, shown in Fig. 
19-2a. This voltage can be thought of as an opposing emf 
or a countervoltage v,. The applied voltage must balance 
v, and vp as shown in Fig. 19-2a. By Kirchhoff’s voltage 
law, therefore, 


Ve=vety=iR+ v, 


*In section 19-4 it is shown that the current follows a mathematical 
equation that involves an exponential relationship with time. 





FIGURE 19-2 

Current and voltage 
waveforms in a dc circuit 
containing resistance and 
inductance. 
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Now, at ¢ = 0° (an instant after closing the switch), 
the instantaneous current (i) in the above equation must 
continue to be zero. This is because inductance is the 
property of a coil to oppose any change in current, and 
(for an initial instant) the coil is completely successful in 
doing this. This means that there is no voltage drop across 
the resistor, so: 


i. = iR = 0 
and since V=vpet+ vy 
we have V=0+ vy, 


This means that, at the instant of closing the switch, the 
rapid rate of change of current in the circuit is sufficient to 
induce a voltage across the inductor that is equal to the 
applied voltage (v, = V). This is shown in Fig. 19-2c. 

However, the current in the circuit is changing. Thus, 
a short time later, when the current has increased above 
zero, there must be a voltage drop (vag) across the resistor, 
as shown in Fig. 19-2b. For Kirchhoff’s voltage law to be 
obeyed, the voltage across the coil at any instant is now 
given by 


vy, =V-—ve=V-—iR 


The voltage across the coil is now less than before as a 
result of the iR drop across the resistor. But the voltage 
across the coil is 


(17-1) 


so that the rate of change of current with time (=) must 
be less than the initial value and must decrease as time 
goes on and the current rises. 

This implies that, although the current is increasing, it 
is doing so at a slower rate. This is shown in Fig. 19-25, 
where the slope of the curve at any given instant represents 


i ; .; 
he The rate continues to decrease until eventually, as 


shown in Fig. 19-2b, the current reaches a final steady- 
state value (/;), where the slope is horizontal and no 
change occurs. Thus, when i = J; no voltage is induced 
across the inductance (see Fig. 19-2c) and all the applied 
voltage appears across the resistance. 

The final steady-state current is now given by Ohm’s 
law: 


(3-1a) 


INDUCTANCE IN DC CIRCUITS 


10V | 
1kO 
mA. At this point, the inductance has no effect in the cir- 
cuit unless a change takes place (such as opening the 
switch, changing the resistance, or changing the applied 
voltage). The time interval required for the current to rise 
to the steady-state value after closing the switch is referred 
to as a transient. Changes occurring in the current (Fig. 
19-2b) and voltage (Fig. 19-2c) are called transient re- 
sponses. 

To determine the length of time needed to reach the 
steady-state value, or the duration of the transient, you 
must first determine the time constant. This is symbolized 
by the lowercase Greek letter tau (7). 


Using the values given in Fig. 19-2a, I; = 10 


19-2 TIME CONSTANT (7) 


The rate of rise of current is highest (and its slope is great- 
est) when the switch is first closed, because at this instant, 


Ai 
and / At 


(17-1) 
Ai 
Therefore L Ato =v 
and the initial rate of rise of current is 
Ai V 
At =F (19-1) 


Ai. ee ; 
where: —— is the initial rate of rise of current, in amperes 
0 
per second (A/s) 


V is the applied dc voltage, in volts (V) 
L is the inductance of the coil, in henrys (H) 
For the numerical values given in Fig. 19-2a, with V 
= 10 V andLZ = 1 H, the initial rate of rise of current is 
given by 


Ai _vV 
At) L 
10 

= —— = 10 A/s 
1H 


Now, consider how long it would take the current to 
reach its final value if it continued to increase at its initial 


V 
rate of change of 7 amperes per second. This length of 


TIME CONSTANT(z) 


time can be called the time constant (Tt). As shown in Fig. 
19-3, however, the current does not increase at this rate. 
In fact, when ¢ = 71, the actual current is only 0.63 of its 
final value. This is also used as a definition of the time 
constant. That is, one time constant is the time required 
for the current to change 63% from its present value 
toward its final value. (See Section 19-3.) 


19-2.1 Derivation of + = */p 


Let the dotted line that is tangent to the current curve reach 
the final value of current in a time interval t. This line 
represents the initial rate of rise of current. Its slope is 
given by 

rise vertical intercept 


initial slope = — = —— 
run __ horizontal intercept 


V/R 
= —— amperes per second 
a 


Ai V 
but the initial slope = ~=- amperes per second. 
At) OL 
Therefore VIR - V 
T Li 
L 
and T= R seconds (19-2) 


where: T is the time constant of the circuit, in seconds (s) 
L is the inductance of the circuit, in henrys (H) 
R is the resistance of the circuit, in ohms (12) 
Note that t depends only on the values of L and R. If 
the circuit is extremely inductive (Z is high), the time 





Run =7T= At 
FIGURE 19-3 
Determination of the time constant, Tt. 
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needed to reach steady state is Jong. If the circuit is ex- 
tremely resistive (R is high), the time needed to reach a 
steady state is short. This is shown in Examples 19-1 and 
19-2. 


EXAMPLE 19-1 


lf a circuit’s resistance is 1 kQ and its inductance is 1 H, 
what is the circuit’s time constant? 


Solution 


(19-2) 


Time constant t 


EXAMPLE 19-2 


lf the circuit of Example 19-1 has its inductance doubled 
and its resistance cut in half, what is the new time con- 
stant? 


Solution 
L 
Time constant t = R (19-2) 
2H 
5000-8 


EXAMPLE 19-3 


A coil has an inductance of 8 H and a resistance of 400 

Q. A 20-V dc supply is connected across the coil by 

means of a switch. Calculate: 

a. The time constant of the coil. 

b. The final value of current through the coil. 

c. The initial rate of rise of current in the coil after the 
switch is closed. 

d. The time it would take for the current to reach its final 
value if the current continued to increase at its initial 
rate of rise calculated in part (c). 


Solution 


(19-2) 
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8H 
= 400 O = 0.02 s = 20 ms 
V 
k=s 3-1a 
b =a (3-1a) 
20 V 
= o_o = 7 A = 
400 0.05 50 mA 
Ai V 
C. At, = L (19-1) 
20 V 
= BH = 2.5 A/s 
d. Ifthe current is changing at 2500 mA/s, it will change 
50 mA in 
50 mA 1 


2500 mAs 50° 22ms 


Note that this is the same time as the time constant 
in part (a). 


UNIVERSAL TIME-CONSTANT 
CURVES 


19-3 


It can be shown that the rate of increase of current at any 
instant on the curve is such that if the current continued to 
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INDUCTANCE IN DC CIRCUITS 


increase at that rate, the current would reach its final value 
of V/R amperes in L/R seconds. Thus, the time constant 
applies to the whole curve, not just initial conditions. This 
allows the manner in which current changes in an induc- 
tive circuit to be graphed in terms of time constants. Such 
a graph is called a universal time-constant curve. Two 
such curves are shown in Fig. 19-4. 

Curve a gives the percentage of the final steady-state 
current when the switch is closed and the current is rising. 
Since vp = ik, curve a also represents the change in the 
voltage across the resistance when the current is rising. 
Curve b gives the voltage across the inductance as a per- 
centage of its initial value whenever the switch is closed 
and the current is rising. 

The curves also may be used when the switch is being 
opened. In this case, i, vg, and v, all decay, and are rep- 
resented by curve b. (The polarity of vz is opposite when 
the current is falling, but the magnitude of the voltage v; 
is given by curve b whether the current is rising or falling.) 

It can be seen from Fig. 19-4 that the current reaches 
63% of its steady-state value in one time constant (L/R s). 

In fact, the time constant of an inductive circuit is 
more usually defined as the time required for the cur- 
rent (or coil voltage) to change 63% from its original 
value to its final value. 













FIGURE 19-4 

Universal time-constant curves 
for the rise and fall of current 
and voltage in an inductive 
circuit with direct current. 


UNIVERSAL TIME-CONSTANT CURVES 


Specifically, assume that the time constant is 1 ms and 
the circuit’s final (steady-state) current is 10 mA. In this 
case, the current reaches 63% of 10 mA, or 6.3 mA, in 1 
ms. At the end of two time constants (2 ms), the current 
iS: 
new value = original value + 63% of 

(final value — previous value) (19-3) 
= 6.3 mA + 0.63 X (10 mA — 6.3 mA) 

= 6.3 mA + 0.63 X 3.7 mA 

= 6.3 mA + 2.33 mA 

= 8.63 mA at the end of 2 ms (27) 

This current corresponds to 86.3% of the steady-state 
current and could have been read directly from the univer- 
sal time-constant curve (Fig. 19-4, curve a) after 2 t. Sim- 
ilarly, at 3 t, i = 95% of the final value, and at 47,7 = 
98% of the final steady-state current. After five time con- 
stants (5 tT), i = 99.3% of its final value. This time of 5 
t is usually considered to be the end of the transient. 

For all practical purposes, an inductive circuit 
reaches its steady state after 5 + (equal to 5 L/R) has 
elapsed. 

Thus, the steady-state value of 10 mA would be 
reached in approximately 5 ms, since 1 tT = | ms. 





EXAMPLE 19-4 


Consider the coil in Example 19-3; L = 8H, R = 400 
Q, V = 20 V, t = 20 ms, and J; = 50 mA. Use the 
universal time constant curves (Fig. 19-4) to find: 

a. The current 46 ms after closing the switch. 

b. How long it takes for the current to reach 27.5 mA. 





Solution 
a. t = 46ms 
_ 46ms _ 
20ms/it 


From Fig. 19-4, when t = 2.3 7, i = 90% of /; (See Fig. 
19-5). Therefore, 


=, 


= 90% X |; 


90 
= Jo % SOMA = 45 MA 


o 
I 


27.5 mA 
_ 27.5 mA 
~ 5OmA 

55% of final current, /; 


x 100% 
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FIGURE 19-5 
Sketch of i versus t for Example 19-4. 


From Fig. 19-4, when i = 55%, t = 0.8 7 (see Fig. 
19-5). Therefore, 


t=08T 
0.8 x 20 ms = 16 ms 


EXAMPLE 19-5 


A circuit consists of a 30-mH coil (of negligible resis- 

tance) in series with a 2-kQ resistor. A switch is closed 

to apply 50 V dc. Using the universal time constant 

curves (Fig. 19-4), find: 

a. The time constant of the circuit. 

b. The initial voltage across the coil when the switch is 
closed. 

c. The voltage across the coil 7.5 ws after closing the 
switch. 

d. The steady-state current in the circuit. 

e. The current 45 ps after closing the switch. 

f. _How long it takes for the voltage across the resistor 
to reach 37.5 V. 

g. Approximately how long it takes for the voltage 
across the coil to drop to zero. 


Solution 
L 
a 19-2 
a. T R ( ) 
30 x 10°°H " 
= atm 7 18 x 108s = 15 ps 
b. Initially, v.. = V = 50V 
_ — T9ps _ 
0 t= 75 us =a = 


From Fig. 19-4, after 0.5 time constant, the decreas- 
ing v, curve is at 60% of its initial value. 





3/6 
Therefore, v, = 60% of 50 V 
= 30V 
d. Steady-state current, 
V 
= 5 3-1a 
I; R ( ) 
50 V 
= ee A 
2xien ~-™ 
7 — 45yus | 
e. t= 45 us = Tar 


From Fig. 19-4, after three time constants, the in- 
creasing / curve is at 95% of its final value. 
Therefore, i = 95% of 25 mA 
= 0.95 x 25mA 
23.8 mA 
f. The resistor voltage vg = iR has the same percent 
variation with time as the current, with a final value 
of 50 V. 


37.0 ¥ 


% = 75° 
50 V x 100% 5% 





Up = 37.5 V = 


of the final value. From the increasing /, vg curve in 
Fig. 19-4, the time required for the curve to reach 
75% is 1.4 7. Therefore, 


f= 1.47 
1.4 x 15 ps 
= 21 ps 


g. The coil voltage is approximately zero after 5 time 
constants. This time is 


t=57T 
= 5 x 15 ys 
= 75 us 


19-4 ALGEBRAIC SOLUTION USING 
EXPONENTIAL EQUATIONS* 


Instead of using a graphical method to obtain the circuit 
current and coil voltage, you can employ an algebraic so- 
lution. This method requires the use of the following equa- 
tion, which applies to a changing current or voltage in a 
dc series circuit containing inductance and resistance. (It 
also can apply to a series circuit containing capacitance 
and resistance, as will be shown later.) 


*This section may be omitted with no loss of continuity. 
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Instantaneous value 
= Final value + (Initial — Final)e~“” (19-4) 


where: Instantaneous value is the value of the current or 

voltage at any instant of time 

Final value is the steady-state value of current or 
voltage after the transient has ended 

Initial value is the value of current or voltage at ¢ 
= 0", at the beginning of the transient 

e is the irrational number 2.71828 . . ., the base 
of natural logarithms 

t is the instant of time at which the value of current 
or voltage is to be found 

7 is the time constant of the circuit, in seconds 
(s)—equal to L/R for an inductive circuit 


To apply Eq. 19-4, make a sketch of the response of 
voltage or current, and indicate initial and final values. For 
an inductive circuit with a dc voltage being applied, the 
current has an initial value of O and a final value of V/R. 
(See Fig. 19-6.) 


Instantaneous value 


= Final value + (Initial — Final)e~ (19-4) 
V V 
i=—-+{0-—le” 
R R 
V V —t/t 
=—-- -e 
RR 
V 
= —f] — it ‘19. 
i = e “") (19-5) 


where: 7 is the value of current, in amperes (A) 
V is the applied dc voltage, in volts (V) 
R is the circuit resistance, in ohms (Q)) 
t is the instant of time after closing the switch, in 
seconds (s) 


ies 
=a R is the time constant, in seconds (s) 


For the voltage across the coil, at t = 0” the initial 
coil voltage is V and the final value is 0. (See Fig. 19-6c.) 


Instantaneous value 
= Final value + (Initial — Final)e~ (19-4) 
v7 = O+ (VV — Oe” 


yp =Ve™ (19-6) 


where: v, is the inductor voltage, in volts (V) 
V is the applied dc voltage, in volts (V) 
t is the time after closing the switch, in seconds (s) 
tT = L/R is the time constant, in seconds (s) 


ALGEBRAIC SOLUTIONS USING EXPONENTIAL EQUATIONS 


Initial 





(a) Circuit containing resistance UL 7 
and inductance V — | Initial 





(c) Coil voltage variation with time 


EXAMPLE 19-6 


Given the circuit in Fig. 19-6a, with V = 20 V, L = 8H, 
and R = 400 Q), find: 

a. The current 46 ms after closing the switch. 

b. How long it takes for the current to reach 27.5 mA. 


Solution 


(19-2) 


j= —=(1 — e") (19-5) 


20 V i-e>** 10—3/20 x ) 


= 50(1 — e **) mA 


The evaluation of e~ 2° uses the e” button on some 


calculators. (Enter 2.3; obtain the negative, — 2.3, press 
e“. The result is 0.100.) 

On other scientific calculators, it may be necessary to 
use the Inx (natural log) button. (Enter 2.3; obtain the 
negative, —2.3; press the INV (inverse) button, then 
press In x. The result is 0.100.) 

Therefore, 


50 (1 — 0.1) mA 
= 50 x 0.9mA = 45mA 


—e » 


b i==(1-e%) (19-5) 
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(6) Current variation with time 


Ur = Ve-tr 


FIGURE 19-6 

Series RL circuit with dc voltage 
applied, showing current and 
inductor voltage responses with 
exponential equations. 


27.5mA = 50(1 — 


“= sas | Qa oot 

27.5 
e = 4 - 7, i 
e7° = 0.45 


In) of both sides: 


Take the natural log (log. 


Ine~°% = 1n0.45 
—50Otine = In0.45 


The natural log can be readily obtained with a scientific 
calculator. (Enter 0.45 and press the In x button. The re- 
sult is —0.7985 ~ —0.8.) Similarly, Ine = 1. 





— 50t = -08 
a 208. 
—50 


= 0.016s = 16ms 


These answers should be compared to those obtained 
graphically in Example 19-4. 


EXAMPLE 19-7 


A circuit consists of a 30-mH coil (of negligible resis- 

tance) in series with a 2-kQ, resistor. A switch is closed 

to apply 50-V dc to the series combination, as in Fig. 19- 

7a. Calculate: 

a. The initial voltage across the coil when the switch is 
closed. 
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Ms Bos 


t= 7.5 ps 


(c) Variation of coil voltage with time 


b. The voltage across the coil 7.5 ws after closing the 
switch. 

c. The current 45 ys after closing the switch. 

d. How long it takes for the voltage across the resistor 
to reach 37.5 V. 


Solution 
a. vw. =Ve™ (19-6) 
Initially, att = O°, 
v. = 50e °V 
=50x1V=50V 
b «= 5 (19-2) 
—3 
= en : — = 15 x 10°°s = 15 us 
Vi = Ve" 

— 50e-75 * 10-815 x 10~§ V 

= 50e °° V 

= 50 x 0.607 V = 30.3 V 

V 

6. f= = (1 — ee“) (19-5) 

= 90 V _ 4-45 x 10-615 x 1076 

“3100 © un 


25(1-—e *)mA 
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(b) Variation of current and resistor 
voltage with time 


FIGURE 19-7 
Circuit and waveforms for 
Example 19-7. 


= 25(1 — 0.05) mA 
= 25 x 0.95 mA = 23.8 mA 


d. va =iR 
~My em 
= 2 (1-—e “)R 
=V(1-—e") 
37.5V=50(1-e ")V 
87.5 4 gots 
50 


ee’ = 1 — 0.75 = 0.25 
= = 1n0.25 = —1.39 


t= 1.39 x 7 = 1.39 x 15 us = 20.8 ps 
See Fig. 19-7 for current and voltage waveforms. 


19-5 ENERGY STORED IN AN 
INDUCTOR 


As current rises in the coil during the transient period, en- 
ergy is being stored in the growing magnetic field around 
the coil. The total amount of stored energy when the tran- 
sient ceases may be determined from the following: 
W=3Li 


joules (19-7) 


FALL OF CURRENT IN AN INDUCTIVE CIRCUIT (WITH ELECTRONIC SWITCHING) 


where: W is the stored energy, in joules (J) 
L is the inductance, in henrys (H) 
I, is the final current, in amperes (A) 





EXAMPLE 19-8 
How much energy is finally stored in a 1-H coil that is 
connected in series with a 1-kQ resistor and a 10-V dc 
source? 

Solution 


Steady-state current through coil, 
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This energy is stored in the coil as long as the current 
in the coil is maintained at its final, steady-state value. 


19-6 FALL OF CURRENT IN AN 
INDUCTIVE CIRCUIT (WITH 
ELECTRONIC SWITCHING) 


Instead of applying a voltage to an inductive circuit by 
closing a mechanical switch, you can use the output of a 
Square wave signal generator. This will apply the voltage 
for a given time (depending on the frequency), then reduce 
the voltage to zero for an equal amount of time. Since the 
switching from ON to OFF can be made repetitively at a 


V 
i = R (3-1a) suitably high frequency, the variation in current and volt- 
age in the circuit may be examined on an oscilloscope. 
_10V_ 10 mA The circuit arrangement and resulting waveforms are 
1k shown in Fig. 19-8. 
W=-1LP (19-7) When the applied input voltage goes positive (ON), the 
= fie oe 
: tae current builds up gradually (as in Fig. 19-4, curve a), and 
=1x1H x (10 x 1073 A) an ae 
ae the inductive voltage (v,) decays with time, following 
= 50 X 10 © joules seas 
~ 50 pj curve b in Fig. 19-4. 
S When the input voltage drops to zero (OFF), the current 
é ON ON 
°f 
OFF 
> | 
(6) Input voltage from a square wave 
i, Up signal generator 





Uy, 
V 
(a) Square wave generator connected to an 
inductive circuit 
0) 
-V 


(d) Induced voltage across the inductor 





t 


O 
(c) Current and resistor voltage waveform 


FIGURE 19-8 

Current and voltage 
waveforms in an inductive 
circuit with electronic 
switching of the applied 
voltage. 
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must also drop. The collapsing magnetic field around the 
coil induces a voltage (v,) that, by Lenz’s law, has a po- 
larity opposite to that induced when the current was rising. 
This voltage, shown negative in Fig. 19-8d, is responsible 
for the gradual decay toward zero of current in the circuit. 

That is, the voltage induced across the coil (by the de- 
creasing current) acts as a source of voltage that attempts 
to keep the current flowing in the circuit. All the energy 
stored in the magnetic field is eventually dissipated in the 
resistor in the form of heat, however, and the current 
finally drops to zero. 

Note that the polarity signs (+, —) shown in Fig. 19- 
8a across the coil and the square wave generator are for 
reference purposes only. Thus, when v;, is shown positive 
in Fig. 19-8d, this means that v, has an instantaneous po- 
larity equal to that shown in Fig. 19-8a. In the same way, 
when v;, goes negative in Fig. 19-8d, the opposite polarity 
is induced across the coil in Fig. 19-8a. Without these 
reference polarity signs, you would be unable to interpret 
a positive or negative voltage in a graph. Thus polarity 
signs are used, even where a voltage alternates, to provide 
a reference for interpreting graphical data. 

With electronic switching, the falling time constant is 
the same as the rising time constant. You can use the uni- 
versal time-constant curves in Fig. 19-4 to solve for in- 
stantaneous current and voltage values, as in Example 
19-9. 





EXAMPLE 19-9 


A square wave signal generator develops a 12-V peak 

output at a frequency of 2.5 kHz. It is connected across 

a series circuit consisting of a 20-mH coil of negligible 

resistance and a 500-© resistor. Find: 

a. The current 0.1 ms after the input voltage goes to 
zero. 

b. The voltage across the coil 20 ws after the input volt- 
age goes to zero. 

c. From a consideration of the generator’s frequency 
and the time constant of the circuit, the circuit current 
and inductor voltage 0.2 ms after the input voltage 
goes to zero. 


Solution 


a. When the input voltage goes to zero, the current de- 
cays following curve b in Fig. 19-4. The initial value 
of current was 


INDUCTANCE IN DC CIRCUITS 





i : (3-1a) 
= ae = 24mA 
The time constant of the circuit 
T= 5 (19-2) 
= 2 x 10, = 40 ps 
t = 0.1 ms = 100 us = iO uer = 


when t = 2.57, i = 8% of |; Therefore, 


8% x 24mA 
0.08 x 24 mA = 1.92 mA 


i 


b. The initial coil voltage is 12 V; it also follows the de- 
caying curve b in Fig. 19-4. 


20 ps 
ee ~ 40 ps/t 





when t = 0.57, v, = 60% of the initial voltage. 


Therefore, vy, = 60% X 12V = 7.2 V 
c T= : (14-9) 
oe 0.4 ms 
25x 10°Hz 
The duration of time that the input voltage is zero = T/2 
2 
= 0.2 ms. This corresponds to ee 5 +. Thus both 
40 ws/t 


j and v, are approximately zero after 0.2 ms. 





19-6.1 Algebraic Solutions* 


Equation 19-4 may also be used to calculate circuit current 
and inductor voltage when the current is decreasing. In 
Fig. 19-9a, it is assumed that the switch moves from po- 
sition A to position B without introducing additional switch 
resistance. (Mechanical switching that takes into account 
the effect of switch arcing is covered in Section 19-7.) 
With the switch in position A, the current in the circuit 
is V/R and the coil voltage is zero. At tf = 0”, after the 
switch has been moved to position B, the initial value of 
current is still V/R, since current cannot change instanta- 


*This section may be omitted with no loss of continuity. 
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(a) Circuit with emf being 
removed 


—V 7 Initial 


(c) Coil voltage variation with time 


neously in an inductive circuit. The final value of current 
is zero. (See Fig. 19-9b.) 


Instantaneous value 


= Final value + (Initial — Final) e~“’ (19-4) 
V 
Se 0 ae ee 0 — HF 
l (7 )e 
Vou 
ae 7 19-8 
i=? (19-8) 


where: 7 is the value of current, in amperes (A) 

V is the source emf, in volts (V) 

R is the circuit resistance, in ohms ((2) 

t is the time after opening the switch, in seconds 

(S) 
+ = LIR is the time constant, in seconds (s) 
The voltage across the coil has an initial value (at t = 

0") of —V and a final value of zero, as shown in Fig. 19- 
9c. 


Instantaneous value 


= Final value + (Initial — Final) ee“ (19-4) 
vy = 0+ (-V—-Oe” 
vy, = —Ve~" (19-9) 


where: vz, is the inductor voltage, in volts (V) 
V is the source emf, in volts (V) 
t is the time after opening the switch, in seconds 
(s) 


+ = L/R is the time constant, in seconds (s) 





FIGURE 19-9 

Series RL circuit with dc voltage 
being removed, showing current 
and inductor voltage responses 

with exponential equations. 





EXAMPLE 19-10 


In the circuit shown in Fig. 19-9a, V = 12 V, R = 500 

Q, and L = 200 mH. Assuming the switch has been in 

position A for a long time, calculate: 

a. The current 0.1 ms after the switch has been moved 
to position B. 

b. The voltage across the inductor 20 us after the 
switch has arrived at position B. 

c. The circuit current and inductor voltage 0.2 ms after 
the switch has been moved to position B. 


Solution 


a. T= L/R 


20 x 10°°H - 
= 500 0 = 40 x 10 °s = 40 us 


(19-2) 


(19-8) 


100 ps 


s00a° “Hs 


- 94x 10°? xe 27 A 


= 24 x 0.082 mA = 1.97 mA 
—Ve-t 


_ 20 ps 
= —126 4ous V 


= —12e°°°V 
= —12 x 0.607 V = —7.28V 


(19-9) 





c i= ne" (19-8) 
200 ws 
= 24e “ous MA 
= 24e°° mA 
= 24 x 0.0067 mA = 0.16 mA 
v. = —Ve™ (19-9) 
= —12e°°V 


= —12 x 0.0067 V = —0.0804 V 
Compare these answers with those for Example 19-9. 


Note that the exponential equations 19-5, 19-6, 19-8, 
and 19-9 are special forms of the general equation, Eq. 
19-4. All the above examples may be solved by the direct 
application of Eq. 19-4 by simply sketching the response 
involved, and identifying the initial (at t = 0°) and final 
values. 


19-6.2 Measurement of Coil 
inductance 


The waveforms of Fig. 19-8 suggest that you can deter- 
mine the inductance of a coil by measuring the time con- 
stant of a circuit in which the coil is series-connected with 
a known resistance. Figure 19-10a shows an oscilloscope 
connected across the resistance, and a square wave gener- 
ator used to apply a voltage that varies between 0 and V,,. 
The signal generator’s frequency is adjusted until the os- 
cilloscope displays the transient response of current with 
at least five time constants. (See Fig. 19-10c.) The hori- 
zontal distance required for the voltage waveform across RK 
to reach 63% of its final value is the time constant. From 
this, the inductance may be determined, as shown in Ex- 
ample 19-11. 





EXAMPLE 19-11 


A coil that has a dc resistance of 50 © is connected in 
series with a 10-© resistor and a square wave signal 
generator with a 10-V p-p output. An oscilloscope across 
the resistor displays a waveform as in Fig. 19-10c, 
reaching 63% of its peak value in a horizontal distance 
of 0.8 cm. If the horizontal calibration is 0.5 ms/cm, de- 
termine: 

a. The time constant of the whole circuit. 

b. The inductance of the coil. 


INDUCTANCE IN DC CIRCUITS 


Coil terminals 
C) 







Square wave 
+}signal generator R, 
L 
, 


= Oscilloscope 






(a) Connection of an oscilloscope to measure up 


——— —— 


(b) Square wave input voltage from a signal generator 


(c) Current waveform obtained across R 


Due to R; 


(d) Coil voltage waveform 
FIGURE 19-10 
Using the method of time-constant measurement to 
determine the inductance L. 


Solution 


a. The time constant of the whole circuit is the time re- 
quired for the current to reach 63% of the final value 
= 0.8 cm x 0.5 ms/cm 
= 0.4 ms 

L 


b. ans 


(19-2) 


FALL OF CURRENT IN AN INDUCTIVE CIRCUIT (WITH MECHANICAL SWITCHING) 


TtRr 
0.4 x 10°°s x (500 + 10) 
= 24 x 10°°H = 24 mH 


Therefore, L 


Note that the voltage waveform across the coil in Fig. 
19-7d does not drop to zero on the positive half-cycle be- 
cause of the voltage drop across the resistive portion (R;). 
This also means that the final value of the voltage across 
R in Fig. 19-10c is not V,,, but Vr,,, where: 


R 
R+R, 





Vam = Vin x 


Thus the sum of the voltage drops across the coil (v;) 
and across the resistor (vp) is equal to the input voltage 
(V,,) at all times, as required by Kirchhoff’s voltage law. 


19-7 FALL OF CURRENT IN AN 
INDUCTIVE CIRCUIT (WITH 
MECHANICAL SWITCHING) 


As you have seen, current builds up gradually when a dc 
voltage is applied to a series circuit of resistance and 
inductance, with the coil’s induced voltage opposing the 
increase in current through the coil. Also, energy is stored 
in the magnetic field around the coil. 

Now, consider the mechanical opening of a switch to 
interrupt the current through the coil shown in Fig. 19- 
lla. 


i 
r=10mA 





(a) Switch being opened 


-90 V 
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The immediate effect of the coil’s inductance is to in- 
duce an emf whose polarity is such that the emf tries to 
maintain the current at its initial level. That is, vz in Fig. 
19-1la acts in series with the applied voltage (10 V, in 
this case) to try to keep a current of 10 mA flowing, even 
though the blade of the switch is being opened. The in- 
duced voltage is high enough to make the 10-mA current 
‘‘yjump the gap’’ across the opening switch contacts. This 
effect, called arcing, results from the breaking down of 
the insulating property of the air between the contacts of 
the switch. The air ionizes, conducting current for a brief 
instant. A blue spark is usually visible under such condi- 
tions. Why is such a high voltage induced? 

Assume that the resistance of the ionized air between 
the opening switch contacts (R,,) is 9 kQ. If a current of 
10 mA is flowing through the switch, there must be a volt- 
age drop across the switch, given by 


Vow = IRsw 
10 mA X 9kO 
= 90 V 


Since at this instant all of V (10 V) still appears across 
R, this voltage (across the switch) must have been devel- 
oped across the coil by the collapsing magnetic field when 
the current started to decrease. (See Fig. 19-11c.) You can 
determine the initial rate at which the current decreases as 
follows: 


(17-1) 


Switch opened 


(b) Fall of current 
0:5 ms 


FIGURE 19-11 
Current and voltage 
waveforms resulting 
from interruption of 
current in an inductive 


(c) Induced coil voltage circuit with dc. 


and ae! 
At) OL 
0 
es 90 A/s 
1H 


Note that this rate of change of decreasing current is 

nine times greater than when the switch was initially 
. ., Al 

closed and current was rising. (For current rising, rin 
fae 10 A/s.) Why is this so? 
—=——== S. is this so? 
L1H Y 

Calculate the time constant for the circuit when the 
switch is being opened. Note that you now must use the 


total series resistance in the circuit: 


L L 
oe (19-2) 
R, R+R, 
1H 
sees a 
1kQ + 9kO = 


This is only one-tenth the time constant for the interval 


when the switch was being closed (for closing, T = Rr 
7 = 1 ms). This means that the current decreases 
much more quickly than it increases. (Actually, the time 
‘“constant’’ is not constant, because the switch resistance 
increases as it opens. The current will be essentially zero 
in less than 0.5 ms.) This very rapid rate of change of 
current is responsible for the high induced voltage across 
the coil. And, it is the high resistance introduced by the 
switch that makes the circuit more resistive and causes this 
rapid change in current. 

The ability of a coil to induce this high voltage is read- 
ily seen by observing a neon lamp connected across the 
coil as in Fig. 19-12a. Such a lamp, sometimes used as an 
ON/OFF indicator in amplifiers, requires approximately 70 
V to ‘‘fire’’ or light up.* 

Closing the switch in Fig. 19-12a will not light the 
lamp, since a peak of only 10 V exists across the coil and 
lamp. But when the switch is opened, the lamp will flash 
because of at least 90 V induced. Current and voltage 
waveforms resulting from a repeated opening and closing 
of the switch are shown in Figs. 19-12b—19-12d. The large 


*Only the electrode that is at a negative potential will glow. For this 
reason, a neon lamp can be used to determine the polarity of direct cur- 
rent. It also serves to distinguish direct from alternating current, since ac 
will cause both electrodes to glow. 
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negative voltage ‘‘spike’’ that causes the lamp to flash can 
also be observed on an oscilloscope. 

A major application of the high voltage induced by in- 
terrupting the current through a coil is found in a fluores- 
cent lamp circuit. (See Section 20-5.) The momentary 
self-induced voltage of several hundred volts is sufficient 
to ‘‘fire’’ or start the fluorescent lamp. 


19-8 CONVENTIONAL AUTOMOTIVE 
IGNITION SYSTEM 


Another application of interrupting current through a coil 
is found in the conventional automotive ignition system 
that uses a distributor and points. In this case, it is not the 
self-induced voltage that is of value, but the much higher 
mutual induced voltage. 

Figure 19-13 shows that the automotive ignition coil is 
actually a step-up autotransformer. The primary has sev- 
eral hundred turns of wire and is capable of carrying sev- 
eral amperes. The secondary has thousands of turns of 
very fine wire. 

If the ignition switch is ON and the engine is cranked 
by the starter motor, a shaft driven by the engine turns a 
cam in the distributor to alternately open and close the 
breaker points. When the points (contacts) are closed, a 
circuit is completed, allowing direct current to flow 
through the coil’s primary winding, setting up a strong 
magnetic field. When the rotating cam causes the points to 
open, the current to the primary winding is interrupted. 
The magnetic field collapses, inducing a very high (as 
much as 25 kV) voltage in the secondary winding. This 
voltage is directed to the proper spark plug of the engine 
by the distributor rotor (a rotating switch driven by the 
same shaft as the breaker cam). 

To produce the very high secondary voltage required, 
the magnetic field must collapse very quickly. To achieve 
this rapid collapse, the primary current must be interrupted 
abruptly. But as you have seen, the self-inductance of the 
primary induces a high voltage that tends to keep the cur- 
rent flowing. This results in arcing across the contacts, but 
even worse, drags out the decay of the current. To elimi- 
nate this problem, a capacitor (formerly called a con- 
denser) is connected across the points. (See Section 21-1.) 

When the points open, the current flows into the capac- 
itor, rather than jumping the gap (arcing) at the opening 
points. The capacitor very quickly becomes charged, act- 
ing like an open circuit with a resistance that is effectively 
infinite. The time constant for current decay on the pri- 
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FIGURE 19-13 
Conventional ignition system. 
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FIGURE 19-14 
One type of electronic ignition system. 


mary becomes extremely small (tT = L/Rr), so the current 
decreases rapidly and the field collapses just as quickly. 

There is also a voltage induced on the secondary at the 
instant the points close. But since the time constant for the 
buildup of current is relatively long, this voltage is quite 
small and is not used. It does, however, provide a useful 
indication of point closure on an ignition analyzer oscillo- 
scope connected for engine testing. This instrument dis- 
plays a primary or secondary ‘‘parade’’ pattern in which 
the firing characteristics of all engine cylinders are shown. 
The pattern shows cylinder firing from left to right on the 
screen in normal firing order. 





(a) Shunting resistor R, 


FIGURE 19-15 
Methods of reducing high inductive voltage. 
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19-9 ELECTRONIC AUTOMOTIVE 
IGNITION SYSTEM 


The induced voltage in a secondary coil can be increased 
to as much as 35 or 40 kV by using electronic switching. 
As shown in Fig. 19-14, this involves using a transistor as 
a solid-state switch in place of the conventional breaker 
points. The electronic switch also eliminates arcing, and 
thus, the need for a capacitor. 

The switch is turned on and off by a signal from a 
pickup coil on a stationary permanent magnet core. Every 
time one of the rotating teeth of the reluctor passes 
through the magnet’s gap, changing the field strength, an 
emf is induced in the pickup coil. 

The signal (emf) is suitably amplified in the electronic 
module and ‘‘conditioned’’ by other information such as 
dwell time, engine speed, atmospheric pressure, and so 
on, to achieve maximum performance consistent with pol- 
lution emission controls. 


19-10 METHODS OF REDUCING 
INDUCTIVE EFFECTS 


Even though the interruption of current through an induc- 
tance has many useful applications (such as those dis- 
cussed above), it is often necessary to prevent dangerously 
induced high voltages, which can break down insulation. 
The problem occurs in both ac and dc circuits, but can be 
minimized in a number of ways. 

One method used with dc circuits is to provide a rela- 
tively low resistance as an alternate path for the current. 
The current will flow through this path, rather than the 
opening switch. (See Fig. 19-15a.) 





(b) Free-wheeling diode 


METHODS OF REDUCING INDUCTIVE EFFECTS 


For the values shown, the steady-state current through 
ons . OV 
the coil with the switch closed is Tk 10 mA. When 
the switch is opened, this current continues to flow, but 
follows a path through R,, assumed here to be 100 Q. 
Thus the voltage across the coil is 


v, = IR, + IR 
= 10 mAX100 2 + 10 mAX1 kQO 
= 1V+10V 
= 11V 





This compares to 90 V without R,; and an assumed 
switch resistance of 9 kQ). 

The disadvantage of this method is the high current 
(100 mA) drawn by R all the time the switch is closed. 
This can be overcome by using a diode, as shown in Fig. 
19-15b. When the switch is closed, no current can flow 
through the diode because it is reverse-biased and effec- 
tively open. Current flows normally through the coil. 

When the switch opens, the polarity of the induced emf 
causes the diode to conduct, shunting the coil with a very 


; ; L\., 
low resistance. The time constant R, is large, and the 


f, 
current drops off gradually. Very little voltage is induced 
across the coil. 

A diode used in this manner is often referred to as a 
‘“free-wheeling’’ diode. Such arrangements are often used 
in dc motors and relay coils to suppress high induced volt- 
ages when the equipment is turned off. 
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FIGURE 19-16 
Bifilar noninductive resistor. 


19-10.1 Noninductive Resistors 


Wire-wound resistors, which are used for higher-power 
applications, inevitably possess some inductance. Where 
this cannot be tolerated, special resistors of the wire- 
wound type are available. As shown in Fig. 19-16, a bifi- 
lar (double) winding is used. The magnetic fields set up 
by the side-by-side currents flowing in opposite directions 
cancel each other. The result is minimized inductance and, 
thus, very little induced voltage. 

Conversely, a bifilar winding can be used to provide a 
coefficient of coupling between two coils that is very close 
to unity (1.0). This is necessary where iron cores are not 
practical, as in radio frequency transformers. In that case, 
two terminals are provided at each end of the bifilar wind- 
ing. 


1. When a dc voltage is applied to an inductive circuit, the opposing induced emf 


causes the current to build up gradually. 


2. Current has the greatest rate of change when the voltage is first applied, and is 


given by 
Ai V 


At) L 


3. The final value of current is determined only by the resistance and the applied 


voltage, as given by Ohm’s law. 


4. The time constant is the length of time that would be required for the current to 
reach its final value if it continued to increase at its initial rate. 
5. Alternatively, the time constant is the time required for the current to change 63% 


from its initial value toward its final value. 
6. The time constant is given by 


-} 
| 
P| 
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7. Universal time-constant curves give the current and voltage values as a percentage 
of maximum in terms of the time constant. 

8. The instantaneous value of current or voltage in a series RL circuit in which a 
change is taking place may be calculated by using the exponential equation: 
Instantaneous value = Final value + (Initial — Final) i 

9, The final energy stored in an inductor’s magnetic field is 

W = 3Li 

10. Mechanical switching in an inductive circuit causes current to fall at a much faster 
rate than it rises, due to the resistance introduced by the switch, which causes a 
much smaller time constant. 

11. The rapid rate of current decay in a coil causes high induced voltages. 

12. The high voltage produced on the secondary side of an automotive ignition coil 
results from the use of a step-up transformer in combination with the sudden in- 
terruption of current in the primary (by breaker points or an electronic switch). 

13. Inductive effects can be minimized by shunting the induced voltage with a low 
resistance or a free-wheeling diode. 

SELF-EXAMINATION 


Answer T or F, or, for multiple choice, a, b, c, or d 
(Answers at back of book) 


19-1 


19-2. 


19-3. 


19-4. 


19-5. 


19-6. 
19-7. 


19-8. 


19-9, 
19-10. 


. Ina dc circuit, inductance determines how the current changes and not the final 
value of current. 

In a dc circuit with inductance and resistance, the initial voltage across the 
inductance is equal to the applied voltage. 

Interrupting the current in an inductive circuit always induces the same voltage 
across the inductance as when the voltage is first applied. 

The current builds up in an inductive circuit containing resistance at the same 
rate until the final steady state is reached. 

The time constant determines how long it takes for steady-state conditions to 
be reached. 

The time constant applies only to the first 63% change in the current. 

If a 12-V de supply is connected to a coil having an inductance of 100 mH 
and a resistance of 1 kQ, the initial rate of rise of the current and the final 
current are 

a. 12 A/s and 12mA 

b. 1.2 A/s and 120 mA 

c. 120 A/s and 12 mA 

d. 12 mA/s and 120A 

The time constant in Question 19-7 is 

a. 100 ms 

b. 100 ps 

c. 12 ms 

d. 10s 

Energy stored in an inductor is in the form of an electric field. —____ 
Arcing across the contacts of an opening switch is due to dirty contacts. 
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REVIEW QUESTIONS 


19-11. 


19-12. 


19-13. 


19-14. 


19-15. 


High voltage is induced across an inductor when the current through it is inter- 
rupted because of a reduction in the time constant because of switch resistance. 


An automotive ignition system induces a high voltage as a result of mutual 
inductance. 

A capacitor is used across the breaker points solely to reduce arcing and avoid 
the constant replacement of the points. 

A higher voltage is induced in an electronic ignition system because the current 
can be interrupted much more suddenly. 

The high voltage induced across a dc relay coil when it is shut off can be 
minimized by using a diode across the coil. 


REVIEW QUESTIONS 


1. a 
b. 
c, 
d. 
ie 2. 
b. 
c. 


What is the basic reason for the gradual buildup of current in an inductive 
circuit with an applied dc voltage? 

Why doesn’t this happen in a pure resistance? 

If the voltage induced across an inductance is initially equal to the applied dc 
voltage, why does any current flow at any time? 

Why does the current eventually reach a final value? 

What do you understand by the term time constant? 

Give two definitions. 

How long does a transient last? 


3. Prove that the time constant, given by L/R, has units of seconds. 


4. a. 


Under what conditions does the voltage across a coil not drop to zero at the 


end of a transient with a dc voltage? 


b. Under what conditions does the voltage across a coil exceed the input dc 
voltage? 
c. Why doesn’t this happen when a square wave signal generator is used? 
5. a. What factors determine the energy stored by an inductor? 
b. What prevents an inductor being used as a portable energy storage device like 
a battery? 
c. In an inductive circuit with a mechanical switch, what evidence is there of 
the energy stored in the coil? 
6. a. What causes arcing? 
b. Why does it not occur, as badly, when closing a switch? 
c. Describe a demonstration to illustrate the high-voltage-inducing capability of 
an inductor. 
7. a. Describe how it is possible for a 12-V dc source to produce 25 kV if a trans- 
former cannot be operated from dc. 
b. If the capacitor were removed from a conventional ignition system, why 
would the engine be unlikely to start? 
c. Why is high voltage produced by the opening of the breaker points but not by 
the closing? 
8. a. What basic difference exists between a standard and an electronic ignition 
system? 
b. What causes a higher secondary voltage to be induced in the latter? 
c. Why is no capacitor required? 
9. a. Describe two methods of reducing inductive effects in a dc circuit. 
b. What is the advantage of each? 
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Cc. 


Which system can be used for alternating current and direct current? 


d. How does a bifilar winding reduce the inductance in a wire-wound resistor? 
10. Describe how you would measure the inductance of a coil. 


PROBLEMS 


(Answers to odd-numbered problems at back of book) 


19-1. 


19-2. 


19-3. 


19-4. 


19-5. 


19-6. 
19-7. 
19-8. 
19-9. 


19-10. 


19-11. 


19-12. 
19-13. 


A 200-H coil with a resistance of 150 Q is connected across a 300-mV de 

supply. Calculate: 

a. The initial rate of rise of current. 

b. The final value of current. 

c. The time constant. 

d. The time required for the current to reach its final value. 

Repeat Problem 19-1 with a 7-H choke, a resistance of 15 0, and a de supply 

of 120 V. 

The current through a coil is observed to increase from 0 to a final value of 

0.25 A in 0.15 s when a 12-V battery is connected across it. Calculate: 

a. The resistance of the coil. 

b. The time constant. 

c. The inductance of the coil. 

The current in a coil of 20-0, resistance increases from 0 to 0.315 A in 2 s 

when connected across 10-V dc. 

a. What is the inductance of the coil? 

b. How long will it take the current to reach its final value? 

An 8-H inductance is connected in series with a 320-( resistance. A switch is 

closed to apply 120-V dc. Use the universal time constant curves to calculate: 

a. The current after 50 ms. 

b. The voltage across the inductance after 0.1 s. 

c. How long it takes for the current to reach 0.3 A. 

d. The time for the voltage across the inductance to become 60 V. 

Repeat Problem 19-5 using L = 12 H, R = 200 0, and V = 150 V. 

Solve Problem 19-5 using the exponential equations. 

Solve Problem 19-6 using the exponential equations. 

Determine the energy stored in the coil of Problem 19-5 after five time con- 

stants. 

Determine the energy stored in the coil of Problem 19-6 after seven time con- 

stants. 

A square wave signal generator develops a peak output of 20 V at a frequency 

of 50 kHz when connected across a 200-wH coil of negligible resistance in 

series with a 100-() resistor. 

a. Draw, in the proper time relationship, the input voltage, the current wave- 
form, and the voltage waveform across the coil. Show peak values of 
voltage and current on all three waveforms. 

. Use Fig. 19-4 to find the current 3 ws after the input voltage goes to zero. 

c. Use Fig. 19-4 to find the voltage across the coil 1 ws after the input volt- 
age goes to zero. 

d. Use Fig. 19-4 to find how long it takes for the current to fall to 50 mA 
after the input voltage goes to zero. 

Repeat Problem 19-11 assuming a peak voltage of 10 V. 

Solve Problem 19-11 using the exponential equations. 
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PROBLEMS 


19-14. Solve Problem 19-12 using the exponential equations. 

19-15. A coil of dc resistance 150 ©, is connected in series with a 22-CO resistor and a 
Square wave signal generator. An oscilloscope across the resistor indicates that 
the current reaches 63% of its final value in a horizontal distance of 3.2 cm. If 
the horizontal calibration is 20 ws/cm, determine: 

a. The time constant of the whole circuit. 

b. The inductance of the coil. 

c. What the coil voltage drops to if the signal generator has an internal resis- 
tance of 600 © and an open circuit voltage of 10-V peak. 

19-16. What is the maximum frequency the signal generator can be set to in Problem 
19-15 and still maintain the ability to measure the coil’s inductance? 

19-17. Refer to Fig. 19-12a: R = 3.3 kQ, L = 8 H, and V = 20 V. When the 
switch is closed calculate: 

a. The initial rate of rise of current. 

b. The time constant. 

c. The final current. 

d. The time for the current to reach its final steady-state value. 

e. The peak voltage across the inductance. 

When the switch is opened, assume an initial switch resistance of 20 kQ) and calculate: 
f. The peak voltage across the inductance. 

g. The initial rate of fall of the current. 

h. The time constant. 

i. The approximate time for the current to drop to zero. 

19-18. The circuit in Problem 19-17 has a 2.2-kQ resistor connected across the 3.3- 
kQ, resistor and 8-H inductance as in Fig. 19-15a to reduce the inductive ef- 
fect. 

a. What voltage will be induced across the coil when the switch is opened? 

Will the lamp light? 

b. What is the total current drawn from the supply when the switch is closed? 

19-19. Refer to Fig. 19-17. At ¢ = 0, after the switch has been in position B for a 
long time the switch is thrown to position A, stays there for 3 s, then is re- 
turned to position B. Calculate: 

a. The circuit current just before the switch is returned to position B. 

b. The voltage across the inductor just before the switch is returned to posi- 

tion B. 

The inductor voltage just after the switch is returned to position B. 

d. The circuit current and inductor voltage 0.5 s after the switch returns to 
position B. (Hint: Use Eq. 19-4 directly.) Draw waveforms of i and v; 
froomt = Otot = 4s. 

19-20. Repeat Problem 19-19, assuming the 60-V source has an internal resistance of 
5 Q. 


e 





FIGURE 19-17 
Circuit for Problems 19-19 and 19-20. 
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In this chapter, you will consider the current and voltage 
relationships of an inductance in a sinusoidal ac circuit. Because 
the current is always changing in an ac circuit, there is some 
effective opposition to the current drawn by a coil at a given 
frequency. This is called the inductive reactance (X_,), which is 
determined both by inductance and frequency. 


Because of inductive reactance, a coil has a greater opposition 
to alternating current than it does to direct current. This property is 
taken advantage of in a dc filter circuit to reduce the ac ripple 
component. An inductor is also used in a fluorescent lamp circuit, 
where (as a ballast) it is used to induce a momentary high voltage 
to light the lamp, then limit the current (after the lamp is lit). 


The series and parallel connection of inductive reactances can 
be treated similarly to resistance, except when mutual reactance 
(X,,) is involved. In this case, the coefficient of coupling permits a 
determination of mutual inductance and the total inductive 
reactance. 


EFFECT OF INDUCTANCE IN AN AC CIRCUIT 
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The quality of a coil (Q) is expressed in terms of inductive 
reactance, and is a ‘figure of merit” to show how inductive a coil 
is compared with its ac resistance. The ac resistance of a coil is 
shown to be different from its dc ohmic resistance, due partially to 


the skin effect. 


20-1 EFFECT OF INDUCTANCE IN AN 
AC CIRCUIT 


You have seen how an inductance will induce an emf 
whenever the current through it changes. If a sinusoidal 
(ac) current is made to flow through an inductance, you 
should expect an emf to be induced almost continually. 
Since this emf opposes any change in current, the induc- 
tance must provide some effective opposition to the flow 
of alternating current. This opposition is over and above 
any resistance that the coil may have. 


20-1.1 Phase Angle Relationship 
Between Current and Voltage 


Assume that an inductance of negligible resistance has a 
sinusoidal current flowing through it, as shown in Fig. 20- 
1. The current waveform is given by 

i = I,,S8inot 


The voltage across the coil, which must also be the 
voltage applied from the source, is 


“2 


(17-1) 





v= V,, cos wt 





(a) Pure inductance in an ac circuit —I 


1=T1,, sinwt 


Ai 
Recall that 7 is the slope of the current waveform. 


Only when the current is at its peak values of J,, and 
—I, 1s the slope zero. Only at these instants, then, is the 
voltage across the coil zero. The current waveform has its 
greatest slope where it crosses the time axis. This causes 
the maximum voltage to be induced across the coil. The 
voltage is either positive or negative, depending on 
whether the current is increasing or decreasing. (See Fig. 
20-lb.) 

It is not difficult to justify what waveform of voltage 
must appear across the coil, although it requires some 
mathematics to prove that the waveform is sinusoidal in 
shape. In fact, the voltage waveform is actually a cosine 
curve given by 


v = V,,COS wt 


This is actually a sine curve that has been shifted to the 
left (advanced a quarter-cycle, or 90°). Since the voltage 
waveform reaches its peak value one-quarter cycle before 
the current waveform reaches its own peak, you could say 
that the voltage leads the current by 90°. 

Conversely, you could say that the current in the 
coil Jags behind the applied coil voltage by 90° in a 
purely inductive circuit. 







t 


OP ac max positive 
At | P 
FIGURE 20-1 


Effect of inductance in an 


(b) Waveforms of current and voltage to show 


current lagging voltage by 90° 


ac circuit. 
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This angle is often referred to as the phase angle, be- 
cause it shows how much (by what angle) the current and 
voltage waveforms are out of phase. You will recall that 
in a purely resistive circuit, the current and voltage are in 
phase with each other; the phase angle is 0°. 

It is easy to remember that current /ags behind voltage 
if you recall what happens in a de circuit. When voltage 
is applied to a coil, the current builds up slowly to its final 
value. (Refer to Fig. 19-2.) Even in a dc circuit, there is 
a delay between the application of voltage across the coil 
and current flowing in the coil. 


20-2 INDUCTIVE REACTANCE 


Since both the voltage and current waveforms in Fig. 20- 
1 are sinusoidal, their rms values can be obtained as shown 
below: 


V, 
V=—% 15-17 
7 (15-17) 
d [= fm (15-16) 
an n/2. 


These are the values of the voltmeter and ammeter read- 
ings in Fig. 20-la. Now, recall that the opposition to cur- 
rent in a resistive circuit (either dc or ac) is given by the 
ratio: 


=R (15-15) 


Similarly, the opposition to current provided by a pure 
inductance is given by the ratio V;/I,. Although this ratio 
of voltage to current must be expressed in units of ohms, 
it cannot be called resistance. (A pure inductance has no 
[zero] resistance.) Instead, the term inductive reactance 
(X,) is used. Thus, for a pure inductor, 


28.28 V 
P-p 





FIGURE 20-2 
Circuit for Example 20-1, showing X, = V,/h.. 
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ohms (20-1) 
where: X, is the inductive reactance, in ohms (QQ) 
V, is the voltage across the pure inductance, in 
volts (V) 
I, is the current through the inductance, in amperes 


(A) 





EXAMPLE 20-1 
In the circuit of Fig. 20-2, a 28.28-V p—p sinusoidal volt- 


age causes an ammeter reading of 10 mA. What is the 
opposition to current caused by the inductance? 


Solution 


The rms value of the applied voltage is given by 








= Vp-p 
V= a5 (15-17) 
28.28 V 
= =10V 
2\/2 v 
V 
X=— (20-1) 
I, 
_ 10 V 
~ 10 x 10°°A 
= 100092 = 1k 


EXAMPLE 20-2 


How much current will flow through a coil of negligible 
resistance whose inductive reactance is 500 2 when 120 
V are applied? 


Solution 
V, 
X= = (20-1) 
I 
Therefore, I = Mi 
X, 
120 V 
= 5000 0.24 A 


EXAMPLE 20-3 


What is the voltage drop across a coil of inductive react- 
ance 1.5 kQ, and negligible resistance when a current of 
70 mA flows through the coil? 


FACTORS AFFECTING INDUCTIVE REACTANCE 


Solution 
X, = Vi (20-1) 
I 
Therefore, Vi = IX, 
= 70 x 10 °A x 1.5 x 10° 
= 105 V 


20-3 FACTORS AFFECTING 
INDUCTIVE REACTANCE 


Inductive reactance (opposition to current) is due to the 
induced emf across the inductor produced by the changing 
current through the inductor. Anything that increases this 
emf must also increase the inductive reactance. 
We know that 
Ai 


vy, = L— 


Ar (17-1) 


Obviously, an increase in L must increase the inductive 


Ai 
reactance. Further, —, the slope of the current waveform, 


At 
must depend upon the frequency. A higher frequency 
means that the peak value of the current is reached in a 


Ai - 
shorter time, so ie must be higher. Combining these two 


effects, and using the angular frequency (w = 27f), we 
obtain 


X, = 2afL = ol ohms (20-2) 


where: X, is the inductive reactance, in ohms (Q)) 
f is the frequency, in hertz (Hz) 
L is the inductance, in henrys (H) 
w is the angular frequency, in radians per second 
(rad/s) 

Note that this equation is valid only for sinusoidal ac 
circuits. (A full derivation, using the principles previously 
covered, is given in Appendix I.) 

Equation 20-2 states that, as the frequency increases, 
there is a linear increase in the inductive reactance of a 
coil. This is represented in the graph of Fig. 20-3, which 
is drawn for a constant inductance of L = 1.6 H. Note 
that when f = O (direct current), the inductive reactance is 
zero. This means that inductance has no steady-state 
effect or opposition to current in a direct current cir- 
cuit. 
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2000 





f, Hz 


) 100 200 300 
FIGURE 20-3 
Linear increase of X, with frequency, f, for a 
constant inductance of 1.6 H. 





EXAMPLE 20-4 


A 120-V, 60-Hz source is applied to a 5-H coil of negli- 
gible resistance. 

a. How much current flows? 

b. What is the equation for current? 





Solution 
a. X, = 2nfL (20-2) 
= 27 60 Hz xX 5H 
= 1885 0 
Therefore, /, = Vi (20-1) 
Xi 
= an = 0.064 A = 64 mA 
b. in = ik x V2 (15-20) 
= 0.064A x V2 
= 0.091A 
i = 1, sin 2 aft 


= 0.091 sin 2760t 
= 0.091 sin 377t A 


EXAMPLE 20-5 


A sine wave signal generator, set to 1-kHz and 10-V out- 
put, causes a current of 50 mA through a coil of negligi- 
ble resistance. What is the inductance of the coil? 
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Solution 
Xo (20-1) 
I, 
10 V 
= ———__.— = 2000 
50 x 10 °A ok 
X, = 2nfL (20-2) 
X, 
Therefore, L = Ont 
200 


2a%X 1x 10° Hz 
= 0.032 H = 32 mH 





The total opposition to current arising from the com- 
bined resistance and inductance of the coil is called imped- 
ance. It is considered in Chapter 24. 


20-4 APPLICATION OF INDUCTORS 
IN FILTER CIRCUITS 


It should be clear from the preceding section that a coil 
with negligible resistance provides a much higher opposi- 
tion to alternating current than to direct current. This is 
illustrated in the two circuits shown in Fig. 20-4. With 
direct current, as in Fig. 20-4a, the inductive reactance of 
the coil is zero. The only opposition to current in this cir- 
cuit is provided by 20 © of coil resistance and 100 of 
lamp resistance. When an emf of 120-V dc is applied, a 
current of 1-A dc results, and the lamp lights. 

With alternating current (Fig. 20-4b), an inductance of 
4H at a frequency of 60 Hz results in an inductive react- 
ance of 1500 Q. In comparison with X;, (the inductive re- 
actance), the resistance of the circuit is negligible, so the 
current is determined by V,/X,. The current of 80 mA is 
not sufficient to light the lamp. 


Input 





INDUCTANCE IN AC CIRCUITS 


R=200,L=4H 





(a) With direct current,the coil has zero 
inductive reactance. The lamp lights. 






R=200,2L2=4h 
X, = 15000 
120 V, 
60 Hz 


(6) With alternating current, the high 
inductive reactance limits the 


current to 80 mA. The lamp 
does not light. 


FIGURE 20-4 
Comparison of inductance in dc and ac circuits. 


The different opposition to alternating and direct current 
provided by a coil is used in a dc power-supply filter cir- 
cuit. After the alternating current has been converted to 
direct current by diodes, an ac component remains (Fig. 
20-5) and must be filtered out to leave pure direct current. 
This may be done by using a coil, often called a choke, to 
allow passage of direct current while blocking the alternat- 
ing current. 

A simple filter circuit is shown in Fig. 20-5. Assume 
that the coil’s resistance is negligible (compared with R) 
and that the inductive reactance of the coil (X;) is much 
larger than R. 

A waveform that contains both direct and alternating 
current is applied to the input. The dc portion appears 
across R without being affected by the coil. The ac por- 
tion, however, undergoes a form of voltage division be- 


Output 


FIGURE 20-5 

Inductor used in filter 
circuit to reduce ac ripple 
component. 





APPLICATION OF INDUCTANCE IN A FLUORESCENT LAMP CIRCUIT 


tween X; and R. With the assumptions made above, the ac 
output voltage across R is given by 


V outtacd = Ventas) x (20-3) 


ag 
X, 


EXAMPLE 20-6 


A waveform containing 10-V de and 10-V ac is applied 
to the filter of Fig. 20-5 with L = 10 H and A = 100 Q. 
If the ac component has a frequency of 60 Hz, deter- 
mine: 

a. The dc output voltage. 

b. The ac output voltage. 


Solution 


a. The dc output = the dc input = 10 V (assuming that 
the resistance of the coil is zero). 





b. X, = 2afL (20-2) 
= 27 X 60 Hz X 10H 
= 3770 0 
R 
Vouttac) a Vincac) x xX, (20-3) 
L 
100 
= 10V x 37700 > 0.27 V 


Note that Example 20-6 shows how the ac ripple 
component is reduced by an inductor, as shown in Fig. 
20-5. 


20-5 APPLICATION OF INDUCTANCE 
IN A FLUORESCENT LAMP 
CIRCUIT 


Figure 20-6a shows a preheat fluorescent lamp circuit. It 
is typical of many desk-type fluorescent lamps, but the 
same principle of operation is used in larger lamps, as 
well. 

The ballast (inductor) is used to induce a momentary 
high voltage to start the lamp. Then, after the lamp is lit, 
the inductive reactance of the ballast coil limits current 
through the lamp, as explained below. 

A fluorescent lamp is a glass tube with a tungsten fila- 
ment sealed in each end, and an inner surface coated with 
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a phosphor material (different phosphors are used to pro- 
duce different colors of light). During manufacture, most 
of the air is removed from the lamp and a small amount of 
argon gas and mercury sealed in the tube. 

When the momentary contact switch is pushed 
CLOSED and held in that position for a few seconds, a 
complete series path for current is created through the two 
filaments and the ballast. The filaments heat up, emitting 
electrons, and a dull glow can be observed at either end of 
the tube. 

When the momentary contact switch is released, the 
current through the ballast is interrupted, inducing a mo- 
mentary high voltage. This voltage, along with the 120-V 
input, causes the lamp to ‘‘fire’’—current is conducted 
through the ionized gas in the tube from filament to fila- 
ment. (This does not, however, by itself produce visible 
light. ) 

As the electrons move through the tube, they collide 
with the now-gaseous ions of mercury. This causes the 
valence electrons of the mercury atoms to be dislodged 
from their shell and raised to a higher energy level. As 
these electrons fall back into their stable orbits, they give 
up the energy they have absorbed, in the form of invisible 
ultraviolet “‘light.’’ When the ultraviolet radiation strikes 
the phosphors lining the tube, the phosphors fluoresce, 
emitting visible light. 

Compared to an incandescent bulb, light produced by 
this process wastes much less energy in the form of heat. 
As a result, a fluorescent lamp produces approximately 
three times as much light (measured in lumens) as an in- 
candescent lamp of the same wattage. Fluorescent lamps 
also last longer—between 10,000 and 20,000 hours, com- 
pared to 1000 to 1500 hours for most incandescent lamps. 

The ballast’s second function is to limit current. A typ- 
ical 14-W fluorescent lamp, once it is lit, requires only 55 
V to maintain the proper current through the lamp. The 
opposition to alternating current caused by inductance 
drops the applied 120 V to the required value across the 
lamp. 

Some fluorescent lamps use a single ON/OFF switch, 
rather than a momentary contact switch. These lamps 
make use of a starter, shown in Fig. 20-6), that performs 
the same function as a momentary contact switch. 

The starter resembles a neon glow lamp and includes a 
bimetallic strip. Initially, the starter is an open circuit. 
When power is applied to the lamp circuit, 120 V appears 
across the open starter electrodes. Ionization of the neon 
gas makes the starter glow, heating the bimetallic strip un- 
til it bends and makes contact with the other electrode. 
This completes a path through the filaments and ballast, 
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Fluorescent tube 


Mercury atom 


=) Phosphor 
coating | 
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feats te cee ess SERRE RED ser 


Visible light 


Ballast 


(a) Schematic diagram 





(b) Circuit that uses a starter. (The starter is located at the top of the board.) 


preheating the lamp. A few seconds after the starter switch 
has closed, no further heat is developed, so the bimetal 
strip cools and breaks the contact, interrupting the current 
and making the lamp ‘‘fire.’’ Once the lamp fires, there is 
no longer sufficient voltage across the lamp (and starter) to 
initiate ionization of the neon gas in the starter, so the 
starter contacts remain open. 

A recent development is a fluorescent lamp designed for 
use in incandescent-lamp sockets. It consists of a replace- 
able fluorescent tube that is folded in such a way that it 





Ultraviolet 


INDUCTANCE IN AC CIRCUITS 


> | Tungsten 
© | filament 


FIGURE 20-6 
Use of an inductor in a preheat 
fluorescent lamp circuit. 


occupies a space only 73 in. (178 mm) in length and 4 in. 
(114 mm) in diameter, including the reflector and lens. 
(See Fig. 20-7.) A ballast and starter switch are located in 
the screw-in base of the fixture. 

With a life of 10,000 hours, the 7-W lamp produces as 
much light (approximately 650 lumens) as a 40-W incan- 
descent lamp. A highly polished reflector magnifies and 
concentrates the light, so that the lamp can replace a 60- 
W incandescent bulb. The 7-W lamp and 3-W ballast can 
thus provide the same light as a 60-W incandescent lamp, 
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FIGURE 20-7 

Compact fluorescent lamp designed to replace 
incandescent lamps. The cylindrical-shaped starter is 
seen on the top in the left view, and the 
rectangular-shaped ballast is seen on the front in 
the right view. (Courtesy of Lumatech Corporation.) 


while consuming only one-sixth the energy. In addition, 
the useful life of the fluorescent lamp is 10 times greater 
than the incandescent lamp. 

Other types of fluorescent lamps are the rapid-start, 
which needs no starter, and the instant-start, which has a 
single-pin base and a step-up transformer to produce the 
high ionization voltage needed to fire the lamp. 


EXAMPLE 20-7 


A 60-W incandescent lamp is used 8 hours per day 

through a full year. It is replaced by a fluorescent lamp 

that consumes 9 W (including the ballast), and costs 
$20.00. If electrical energy costs 8 cents per kWh, cal- 
culate: 

a. How much it costs to operate the incandescent lamp 
for a year. 

b. How much it costs to operate the fluorescent lamp 
for a year. 

c. The payback period—the time necessary for the en- 
ergy savings to pay for the fluorescent lamp—and 
compare with the remaining lamp life. (Total life: 
10,000 hours.) 
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Solution 


365 days x 8 hours/day 
= 2920 hours 

watts 

1000 
= oo x 2920 hours 
= 175.2 kWh 
Cost per year = kWh x cost/kWh 

= 175.2 kWh x .08/kWh 


= 14.016 = $14.02 


watis 
1000 
9W 
=: F000 x 2920 hours 
= 26.28 kWh 
Cost per year = kWh x cost/kWh 
= 26.28 kWh x .08/kWh 
= 2.1024 = $2.10 
c. From the above, the energy savings that occur every 


12 months are 


$14.02 — $2.10 = $11.92 


a. Hours per year 





Energy per year x hours 








x hours 


b. Energy per year 





Time required for energy savings of $20.00: 


$20.00 
$11.92 





x 12 months = 20 months 


After this length of time, the fluorescent lamp would 
have a remaining life of: 


2920 
12 





x 20 hours 


= 10,000 — 4867 = 5133 hours 


10,000 — 


NOTE During the 4867 operating hours, it would have been 
necessary to replace between three and four incandescent 
lamps. The replacement cost for these lamps would reduce the 
payback period for the fluorescent lamp to about 18 months. 
After the payback period, the fluorescent lamp will provide en- 
ergy savings alone of $23.00 before needing replacement. (This 
does not include the cost of at least four more incandescent 
lamps.) 

=< mami deenaastamataieitiicieincaa 
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In commercial and industrial applications, where *‘re- 
lamping’’ represents a considerable labor cost, fluorescent 
lamps provide even greater savings than in the above ex- 
ample. 
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20-6 SERIES INDUCTIVE 
REACTANCES 


When two or more coils are connected in series, the total 
inductive reactance is given by 
XLy ome Xi, fe a Xr, + X7, ee oy XL, (20-4) 
This equation assumes that there is no mutual induc- 
tance between the coils. The current through the coils may 
be obtained from 


V 
[= — 


(20-5) 
Alin 


and the voltage across each coil from V; = /X;. 

Example 20-8, with Fig. 20-8, shows the solution to a 
problem in which two independent inductors are connected 
in series. 


EXAMPLE 20-8 


Two coils of 8 and 4 H with negligible resistance are se- 
ries-connected across a 120-V, 60-Hz source, as in Fig. 
20-8. Calculate: 

a. The total inductive reactance. 

b. The reading of an ammeter in series with the coils. 
c. The voltage drop across each coil. 





Solution 
a. X,, = 2nfL, (20-2) 
= 204 x 60 Hz x 8H 
= 30162 ~ 3 kO 
X,, = 2afL, (20-2) 
= 29 <x 60 Hz xX 4H 
= 1508 0 ~ 1.5 kO 
X., —_ X., + Xi, (20-4) 
= 3kQ04+ 1.5kO = 4.5 ko 
V 
bh j= = 20-5 
Xn (20-5) 
120 V 
7 ae ba 26.67 mA 
c Vv, = IX, (20-1) 
= 26.67 x 10 °A x 3 x 10°O 
= 80V 
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120 V, 
60 Hz 





FIGURE 20-8 
Circuit for Example 20-8 with series-inductive 
reactances. 


= IX., (20-1) 
26.67 x 10 °A x 1.5 x 10° 0 
= 40V 


2 


I 


Note that V,, + Vz, = 120 V, the supply voltage. 
Also, note that V;, = 2V;,, because L; = 2Lp. 


20-6.1 Series Inductive Reactances 
with Mutual Reactance 


As you learned in Chapter 17, two series-connected coils 
that have mutual inductance between them have a total 
inductance given by 


Lr = lL, = [, a 2M (17-10) 


When an alternating current flows through these coils, 
the total inductive reactance is 


Xr, = Ay, + Ay + 2X y ohms (20-6) 


r 


where: X;, is the inductive reactance of L;, in ohms (Q) 
X,, 1s the inductive reactance of Lz, in ohms (Q) 
Xy = 27fM is the mutual reactance, in ohms (() 
M is the mutual inductance between the coils, in 
henrys (H) 
The mutual reactance is positive if the magnetic fields 
are aiding; negative if the fields are opposing. 
As before, the current through the coils is given by J = 
V/X,,. The voltage across each coil is 


Vi = W(X, + Xp (20-7) 


PARALLEL INDUCTIVE REACTANCES 





EXAMPLE 20-9 


Assume that the two coils in Example 20-8 now have a 
coefficient of coupling of 0.6. The coils are connected 
with their fields aiding, as shown by the dot notation in 
Fig. 20-9. Calculate: 

a. The total inductive reactance. 

b. The current through the coils. 

c. The voltage across each coil. 


Solution 
= 06V8H x 4H 
= 3.394 H ~ 3.4H 
Xu = 2ufM 


= 27 X 60Hz xX 3.4H 
= 1282 0 =~ 1.3 kO 








XL, =X, + Xi, + 2Xu (20-6) 
= 3kQ + 1.5k0 4+ 2 x 1.3 kO 
= 7.1 kO 
V 
B. fete 20-5 
x, (20-5) 
120 V 
=a 16.9 mA 
6 Vi = 1K, + Xu (20-7) 
= 16.9 x 10°°A (3 x 10° + 1.3 x 10°) 
= 16.9 x 10°°7A x 43 x 10°O 
= 72.7V 
Vi, = | (Xi, + Xu) (20-7) 
= 16.9 x 10°°A(1.5 x 10°O + 1.3 x 10° Q) 
= 16.9 x 10°°A x 2.8 x 10° 
= 47.3 V 
mn) 
120 V, 
60 Hz 


- 





FIGURE 20-9 
Circuit for Example 20-9 with series-inductive 
reactances and positive mutual reactance. 
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Note once again that Vi, + Vi, = 120 V. However, 
Vi, 1s not twice V,, because of the effect of the mutual 
reactance (Xj). 


20-7 PARALLEL INDUCTIVE 
REACTANCES 


Connecting two or more inductive reactances in parallel 
provides a reduction in the overall reactance, compared 
with the branch having the lowest reactance. Thus, similar 
to resistances in parallel, the total inductive reactance is 
given by 

1 1 1 1 
XY, (20-8) 


EXAMPLE 20-10 


Two coils of inductance 8 and 4 H, with negligible resis- 
tance, are connected in parallel across a 120-V, 60-Hz 
supply, as in Fig. 20-10. Determine the total current 
drawn from the supply. 








Solution 
As earlier, X,, = 3 kD 
Xi, = 1.5 kQ) 
V 
i =— (20-1) 
1 X., 
120 V 
- 3K 40 mA 
V 
i= > (20-1) 
2 Xi, 
120 V 
“15k 
Total current /; = /,, + I, (6-1) 
= 40 mA + 80mA = 120 mA 
1 1 1 
or see SS eee fs Serer 20-8 
Xi, Xi, Xi, ( ) 
i Xi, X Xi, 
TX, + Xi 
3kQ xX 1.5 kO 
= —————— _ = 1 ko 
3kQ + 1.5 kO 
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FIGURE 20-10 
Circuit for Example 20-10 with parallel inductive 
reactances. 


V 
Therefore, j/=— (20-5) 
XL, 
120 V 
= —— 2 A 
1kQO me 
L, x Lo 
Or ie = 17-5 
T=T OL (17-5) 
_ 8 H x 4H 
8H+4H 
_ 32 — 92 
~ 420°. men 
XxX, = 2utLy (20-2) 
= 2m X 60 Hz X 23H 
= 1000 2 
V 
j/=— 20-5 
x, (20-5) 
120 V 
= — = 120mA 
1 kO ? 





20-8 QUALITY OF A COIL (Q) 


At high frequencies, the usefulness of a coil is judged not 
only by its inductance, but also by the ratio of its inductive 
reactance to the ac or effective resistance of the coil. (See 
Fig. 20-11.) This ratio is called the quality of the coil and 
is given the symbol Q: 


XL 
Rac 





Q = (20-9) 


where: Q is the quality of the coil (a dimensionless num- 
ber) 


INDUCTANCE IN AC CIRCUITS 


Coil | Xy, 
terminals ba 


FIGURE 20-11 
Equivalent circuit of a coil. 


X_, is the reactance of the coil, in ohms (Q)) 
R.- is the ac resistance of the coil, in ohms (() 
The Q of a coil is also known as the storage factor, 
since it is proportional to the energy storage capability of 
the coil. 





EXAMPLE 20-11 


A 200-wH coil, when operated at a frequency of 1.5 MHz, 
has a total ac resistance of 100 2. What is the quality of 
the coil? 





Solution 
X, OvfL 
== 20-9 
: Flac Flso ( ) 
_ 2a x 1.5 x 10° Hz x 200 x 10°°H 
7 100 0 
= 18.8 





20-9 EFFECTIVE RESISTANCE (R..) 


Note the use of effective (ac) resistance in Eq. 20-9. This 
is different from, and higher than, the dc (ohmic) resis- 
tance measured with an ohmmeter, for the following rea- 
son. | | 
Consider the changing magnetic field set up by the al- 
ternating current in and around the wire conductors that 
make up the coil. This field has the greatest rate of change 


i) 


at the center of the conductor. Thus, the induced 


MEASURING INDUCTANCE 


A® 
voltage ( = st) and the opposition to the current, has 


the greatest value at the center of the conductor. As a re- 
sult, at radio frequencies (hundreds of-kHz and above), 
most of the current flows along the surface of the conduc- 
tor, and very little, if any, at the center. (The current be- 
comes more dense toward the surface.) This effectively 
decreases the cross-sectional area of the conductor and in- 
creases its resistance. 

This is called the skin effect. At microwave frequencies, 
the effect is so pronounced that hollow conductors are 
used, since current flows only on the surface. At radio 
frequencies, an additional loss occurs due to the radiation 
of energy. The combined higher resistance is called the ac 
resistance (R,,). 

The Q of a coil (at radio frequencies) is relatively con- 
stant with frequency. This is because R,, increases with 
the frequency at approximately the same rate that X; in- 
creases, maintaining an almost constant ratio. Thus, in Ex- 
ample 20-11, at a frequency of 3 MHz, both X, and R,, 
would approximately double so that Q remains approxi- 
mately 19. 

At power line frequencies of 60 Hz, the skin effect is 
negligible. A significant difference between dc and ac re- 
sistance can occur, however. If the coil is wrapped on a 
magnetic core, there will be both hysteresis and eddy cur- 
rent losses, as discussed in Section 17-6.3. Both these 
losses convert electrical energy to heat, so their effect is a 
dissipation of electrical power (as if an equivalent resis- 
tance was connected in the circuit). 

The total ac resistance of a circuit can be obtained from 
a wattmeter reading of total power. That is, Ra. = PII’, 
which includes the additional effects of hysteresis, eddy 
currents, skin effect, and so on, over and above the ohmic 
(dc) resistance. 


EXAMPLE 20-12 


An inductor of 0.5 H is connected in series with an am- 
meter, a wattmeter, and a 60-Hz supply, as in Fig. 20- 
12. If the ammeter indicates 250 mA and the wattmeter 
indicates 5 W, calculate: 

a. The ac resistance of the coil. 

b. The Q of the coil. 


403 





FIGURE 20-12 
Circuit for Example 20-12. 


Solution 
P 
a. Fixe = Rp (15-12) 
5W 
(0.25 A)? — ci 
_ X 
b. Q= R.. (20-9) 
27 X 60 Hz xX 0.5H 
ny; en: 


20-10 MEASURING INDUCTANCE 


An instrument that operates on the principle of the Wheat- 
stone bridge (as described in Chapter 13) may be used to 
measure the inductance and quality (Q) of a coil. 

The impedance bridge, shown in Fig. 20-13, can also 
measure the dc and ac resistance of the coil. Both controls 
are adjusted (first one, then the other) until minimum de- 
flection of the galvanometer is obtained. The Q is read 
directly off the left dial; the inductance off the right using 
the appropriate multiplying factor. An internally generated 
1-kHz signal is used for the measurement, but an external 
signal generator may be connected to measure the Q at any 
other desired frequency. Inductances from 1 wH to 1100 
H may be measured, with Q values from 0.02 to 1000. A 
digital instrument that measures inductance from 1 WH to 
10 H is shown in Fig. 21-9. 
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SUMMARY 


A sinusoidal voltage across a pure inductance causes a sinusoidal current that lags 


behind the voltage by one-quarter cycle (90°). 
The opposition to alternating current provided by a pure inductance is called in- 


ductive reactance and is given by X, = 27fL. 
The current through an inductor that has negligible resistance is given by J, 


V,/X_. 
A coil with low resistance provides a much higher opposition to alternating current 


than to direct current. This property is used in filter circuits that remove unwanted 


alternating current. 
The ballast in a fluorescent lamp circuit has two functions. It induces a momentary 


high voltage (when current through the coil is interrupted) to fire the lamp, then 
limits current through the lamp after it is lit (as a result of inductive reactance). 


INDUCTANCE IN AC CIRCUITS 


FIGURE 20-13 
Impedance bridge suitable 
for measuring inductance 
and Q of a coil. (Courtesy 
of GenRad Inc., Concord, 


Mass.) 


SELF-EXAMINATION 


6. Invisible ultraviolet energy provides visible light from a fluorescent lamp by caus- 
ing a phosphor coating inside the tube to fluoresce. This makes the lamp much 
more efficient than an incandescent lamp. 

7. The equations for combining inductive reactances connected in series and parallel 
are the same as those for resistances if no mutual inductances are involved. 

8. The total inductive reactance of two series-connected coils that have mutual induc- 
tance is given by X,,, = X,, + Xz, + 2Xy. 

9. The voltage across each of the series-connected coils that have mutual inductance 
is given by V; = I(X;, + Xy). 

10. The quality of a coil is given by O = X,/Ryo. 

11. The effective (ac) resistance is higher than the dc resistance and includes the ef- 
fects of eddy currents, skin effect, radiation loss, and hysteresis losses. 

12. Inductance can be measured directly on an impedance bridge. Both ac and dc 
resistance of a coil can be measured, as can the quality (Q) of the coil. 

SELF-EXAMINATION 


Answer T or F, or, for multiple choice, a, b, c, or d 
(Answers at back of book) 
20-1. In an ac circuit, inductance determines both the waveform of the current and 


the rms value of the current. 


20-2. The phase angle between voltage across a pure inductance and the current 


through it is always 90° even if connected in series with a pure resistance. 


20-3. In a purely inductive circuit it is possible for there to be zero current through 


the inductance at the instant when the voltage is not zero. 


20-4. Inductive reactance may be thought of as an effective ac resistance to the flow 


of alternating current. 


20-5. A coil of 2-H inductance and negligible resistance is used at a frequency of 


400 Hz. Its inductive reactance is 


a. 5000 Q 
b. 5.1 kO 
c. 1600 
d. 16007 0 


20-6. If the coil in Question 20-5 is connected to a 240-V 400-Hz supply, the current 


1S 


a. 47.7 mA 
b. 4.8 mA 
c. 15 mA 
d. O.I1SA 


20-7. The use of an inductor to filter out unwanted ac voltage relies upon a high 


inductive reactance compared with its dc resistance. 


20-8. One of the functions of a ballast in a fluorescent lamp circuit is the production 


of a momentary high voltage to fire the lamp. 


20-9. A fluorescent lamp has a high efficiency because of the intense white heat 


produced by the phosphor coating. —_____ 


20-10. The mercury in a fluorescent lamp is necessary for the production of ultraviolet 


energy. 
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20-11. The inductive reactance of the ballast in a fluorescent lamp circuit is used to 


limit current only at the instant the lamp is being turned on. 


20-12. The same equations can be used to find total inductive reactance for series- and 


parallel-connected reactances as are used for resistances, with no restrictions. 


20-13. The dot notation used to show when mutual reactance is additive is the same 


as that used for mutual inductance. 





20-14. The quality of a coil is the comparison of the coil’s resistance to the coil’s 


inductive reactance. 


20-15. At high frequencies the Q of a coil is relatively constant. 
20-16. Alternating current resistance is the effective resistance responsible for ac 


power dissipation in a circuit and can be much larger than the dc resistance. 


20-17. An impedance bridge works on the general principle of a Wheatstone bridge to 


measure inductance. 


REVIEW QUESTIONS 


9. 


a. Why does inductance in an ac circuit determine both how the current changes 
and how much current flows? 

b. What is the phase relationship between current and voltage in a pure induc- 
tance? 

c. How do you think this would be different in a coil that has as much resistance 
as inductive reactance? 

a. Why is it not correct to characterize inductive reactance as the effective ac 
resistance due to a coil’s inductance? 

b. Why should an increase in inductance or frequency reduce the current in an 
inductive circuit if the voltage is unchanged? 

a. In what way can direct current be thought of as zero frequency alternating 
current when applied to an inductor? 

b. Does this mean that inductance has no effect at all when the frequency of the 
applied voltage is zero? 

If an alternating voltage of 120 V rms is as effective in producing heat as 120 V 

dc, explain in your own words why the lamp lights in Fig. 20-4a but does not 

light in Fig. 20-45. 

a. Describe how an inductor can be used to filter out unwanted ac voltage from 
an input containing both alternating current and direct current. 

b. Under what conditions can Eq. 20-3 be used? 

Explain in detail how a fluorescent lamp circuit works, including the two functions 

of the ballast and the production of visible light. 

Under what conditions can the equations for combining resistances in series and 

parallel be applied to inductive reactances in series and parallel? 

Describe how you would use an ac source of known frequency, an ac ammeter, 

and an ac voltmeter to determine the mutual inductance between two series-con- 

nected coils whose interconnections can be interchanged. Assume that the coils 

have negligible resistance. 

a. Explain why the ac resistance of a circuit can be considerably higher than the 
dc resistance measured with an ohmmeter. 
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PROBLEMS 


b. What resistance value is used in determining the Q of a coil? 


C. 


Why doesn’t Q increase with frequency? 


10. Describe two ways of measuring the inductance of a coil. 


PROBLEMS 


(Answers to odd-numbered problems at back of book) 


20-1. 


20-2. 


20-3. 


20-4. 


20-5. 


20-6. 


20-7. 


20-8. 


20-9. 
20-10. 


20-11. 


20-12. 


20-13. 


What inductive reactance does a coil have if an applied emf of 120 V causes a 

current of 50 mA? The resistance of the coil is negligible. 

A coil with an inductive reactance of 2.5 kQ and negligible resistance carries 

a current of 20 mA. What peak-to-peak voltage does an oscilloscope indicate 

when connected across the coil? 

What inductance is necessary to cause a voltage drop of 15 V due to 5 mA of 

current having a frequency of 400 Hz? 

What voltage drop appears across a 30-mH inductance with a 10-mA p-p cur- 

rent having a frequency of 1 kHz? 

What frequency of current will cause a voltage drop of 12 V p—p across a 200- 

wtH inductance when a current of 1 mA flows? 

A 12-V p-p sinusoidal voltage is applied to an 8-H coil of negligible resis- 

tance. How much current flows at the following frequencies? 

a. 100 Hz. 

b. 10 kHz. 

c. 1 MHz. 

A 5-V, 10-kHz signal generator is applied to a 0.1-H coil of negligible resis- 

tance. Determine: 

a. How much current flows. 

b. The equation for current assuming a sinusoidal input. 

The output of a full-wave rectifier has a 12-V dc component and an 8-V p—p 

ac component having a frequency of 120 Hz. It is applied to a filter circuit like 

that in Fig. 20-5, with L = 4H and R = 47 Q). Determine: 

a. The dc output voltage. 

b. The ac output voltage. 

Repeat Problem 20-8 using L = 8 H andR = 33 ©. 

Assuming that the ballast in Fig. 20-6 has negligible resistance and a voltage 

drop of 75 V, calculate: 

a. The inductive reactance of the ballast when the lamp is lit and drawing 0.3 
A. 

b. The inductance of the ballast. 

Three coils of 4, 8, and 12 H are series-connected across a 60-V, 400-Hz 

supply. Assuming negligible resistance, calculate: 

a. The current through the coils. 

b. The voltage across each coil. 

Two series-connected coils, one having twice the inductance of the other, draw 

a current of 200 mA when connected to a 120-V, 60-Hz source. Determine the 

inductance of each coil assuming negligible resistance and no mutual induc- 

tance. 

Two coils of 30 and 50 mH are series-connected with a coefficient of coupling 


407 


408 


20-14. 
20-15. 


20-16. 


20-17. 


20-18. 


20-19. 


20-20. 


20-21. 


20-22. 


of 0.8. They are connected across a 10-V, 1-kHz sinusoidal source with their 

fields aiding. Assuming negligible resistance, calculate: 

a. The total inductive reactance. 

b. The current through the coils. 

c. The voltage across each coil. 

Repeat Problem 20-13 assuming opposing fields. 

Repeat Problem 20-12 assuming a coefficient of coupling of 0.5 and aiding 

fields. 

Repeat Problem 20-12 assuming a coefficient of coupling of 0.5 and opposing 

fields. 

Two equal coils with negligible resistance are connected in series with a 20-V, 

5-kHz source. With their fields aiding the current is 1 mA; with their fields 

opposing the current is 5 mA. Calculate: 

a. The mutual inductance between the coils. 

b. The self-inductance of the coils. 

c. The coefficient of coupling between the coils. 

Three inductors of negligible resistance are connected in parallel across a 400- 

Hz supply. They draw a total current of 500 mA. The first coil carries a current 

of 100 mA; the second coil has 40 V across it; and the third coil has an 

inductance of 50 mH. Calculate: 

a. The total inductive reactance of the circuit. 

b. The inductances of the first two coils. 

The three coils in Problem 20-11 are connected in parallel across a 60-V, 400- 

Hz supply. Calculate: | 

a. The total inductive reactance of the circuit. 

b. The total current drawn from the supply. 

A 47-H coil, when operated at a frequency of 10 MHz, has an ac resistance 

of 70 Q. 

a. What is the quality of the coil? 

b. What would you expect the Q to be at 20 MHz? 

A wattmeter in an ac circuit indicates 40 W when a series ac ammeter shows 

0.15 A. 

a. Determine the ac resistance of the circuit. 

b. If an ohmmeter measurement shows 1200 ( of resistance, what resistance 
is due to hysteresis and eddy current losses? 

Repeat Example 20-7 for a 40-W incandescent lamp, used 12 hours daily, 

which is being replaced by a 7-W fluorescent lamp costing $18.00. Assume 

electrical energy costs to be 10 cents per kilowatt-hour. 
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CAPACITANCE 





In this chapter, you will consider the third property of electrical 
circuits, capacitance. A capacitor consists of two metal plates 
separated by an insulator (dielectric). When the capacitor is 
connected to a voltage source, a momentary charging current 
deposits a charge on the plates, establishing an electric field. The 
energy stored in this field may be returned by discharging the 
capacitor through a load. The various types of capacitors and the 
factors that affect capacitance are considered in this chapter, 
along with the series and parallel connections of capacitors and 
the maximum working voltage of each combination. 
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CAPACITANCE 


21-1 BASIC CAPACITOR ACTION 


A capacitor consists of two conductors separated by an 
insulating medium, or dielectric. In simplest form, a ca- 
pacitor can be thought of as two parallel metal plates 
separated by an air space. The air space serves as the 
dielectric (insulator). In many practical capacitors, the 
conductive ‘‘plates’? may be aluminum foil with a paper 
or mica dielectric separating them. This allows the capac- 
itor to be rolled into a cylindrical form to conserve space. 
To provide characteristics for specific applications, many 
different dielectrics and methods of fabrication are used. 
(See Section 21-5.) 

Figure 21-1a shows a basic parallel-plate capacitor con- 
nected to a dc source through a resistor and switch. 

When the switch is closed, there is a momentary current 
(flow of charge) that deposits electrons on one plate and 
removes an equal number of electrons from the other. The 
capacitor is now said to be charged, with one plate posi- 
tive and the other negative. If the dc source is removed 
and a high-resistance voltmeter is connected across the ca- 
pacitor, the meter will indicate a potential difference equal 
to the previously applied emf. (See Fig. 21-1b.) 

When the capacitor is discharged across a load (Fig. 
21-1c), electrons flow in the opposite direction to redis- 





(a) Charging the capacitor by depositing a 
negative charge on one plate and 
removing an equal amount from the other. 





(c) Discharging the capacitor causes 
current to flow in the opposite 
direction from the charging current. 
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tribute the original charge. The electrons flow from the 
plate with a surplus of negative charge to the plate with a 
deficiency of negative charge. (Note the similarity of this 
action to the two rods charged by friction, discussed in 
Section 2-4.) Current flows until the excess charge on one 
plate has been transferred to the other. Once the charges 
are equalized, there is zero potential difference between 
the plates. 

This momentary flow of charging and discharging cur- 
rents can be observed on an oscilloscope connected across 
the resistor (R). The shape of these current pulses is con- 
sidered in Chapter 22. 


21-2 CAPACITANCE 


Assume that you can measure the charge deposited on ei- 
ther of the capacitor’s plates. (This can be done with a 
suitable ‘‘measuring amplifier.’?) Figure 21-2a shows that 
a 5-V source deposits a charge (Q) on each plate: one is 
positive (+Q); the other negative (—Q). If the voltage 
source is doubled, to 10 V, the charge is also doubled to 
2Q. If the source is tripled, to 15 V, the accumulated 
charge becomes 3Q (where Q is the initial charge due to 5 
V). 





(6) The charged capacitor indicates a 
potential difference equal to 
the applied voltage. 


FIGURE 21-1 
Basic capacitor charging 
and discharging action. 
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For any given capacitor, the ratio of the charge on 
one plate to the potential difference across the plates is 
a constant. This constant is a property of the capacitor 
called its capacitance. 

Thus capacitance is defined as: 
farads (21-1) 
where: C is the capacitance of the capacitor, in farads (F) 

Q is the charge per plate, in coulombs (C) 
V is the potential difference across the capacitor, in 
volts (V) 
Thus 1 farad = 1 coulomb/volt (1 F = 1 C/V). 

A capacitor has a capacitance of 1 F if 1 C of charge 
must be deposited to raise the potential difference by | V 
across the capacitor. 

A farad is a very large amount of capacitance. (A ca- 
pacitor with the plates separated by a 1-mm air space, for 
example, would require plates approximately 10.5 km—63 
miles—on a side to produce a capacitance of 1 F.) 

The microfarad and picofarad are much more practical 
units of capacitance. 


1 pF = 1x 10°°F 
1 pF = 1 xX 10° pF 


1 microfarad = 
1 picofarad = 


Practical capacitors are available with capacitances 
ranging from 1 pF to 500,000 pF. 


a 


EXAMPLE 21-1 


A certain capacitor requires 50 wC of charge to be de- 

posited on the plates to raise the potential difference to 

i 

a. What is the capacitance of the capacitor? 

b. How much charge is required to raise the voltage 
across the capacitor from 0 to 10 V? 


Cc C 
+Q 1,-@ +2Q ,,—-2@ 


5V 10 V 
a | = 


(a) 5 V deposits charge @ (6) 10 V deposits charge 2Q 
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c. If the charge on the plates is reduced to 10 »C, what 
voltage now exists across the capacitor? 


Solution 
Q 
a. C= 7, (21-1) 
_ 50 x 10°°C 
7 2V 
= 25 x 10 °F = 25 pF 
b. Q = VC 


10V x 25 x 10° °F 
= 250 x 10°C = 250 pC 





21-3 FACTORS AFFECTING 
CAPACITANCE 


It can be shown (see Appendix J) that capacitance is de- 
termined by the physical factors of plate area, plate sep- 
aration, and dielectric material, as given by 


C= ce farads 


(21-2) 
where: C is the capacitance, in farads (F) 
A is the area of one side of one plate, in square 
meters (m*) 
d is the separation of the two plates, in meters (m) 
€, is the permittivity of free space (air) = 8.85 xX 
10° = 
Nm? 
K is the dielectric constant of the particular mate- 
rial used between the plates. (See Table 21-1.) 


+39 °-3@ 


FIGURE 21-2 

Relation between the 
voltage and charge for a 
given capacitor C. 


15 V 
alls 


(c) 15 V deposits charge 3Q 


EFFECT OF A DIELECTRIC 


TABLE 21-1 


Vacuum (and air) 

Polyethylene 

Teflon 

Polystyrene 

Paper 

Rubber 

Vinylite 

Polyesters 

Glass 

Mica 

Bakelite (plastic) 

Neoprene 

Ceramics—Porcelain 7 
Titanium dioxide 
Strontium titanate 


oO 


See Fig. 21-3 for some of the quantities involved and 
two alternate symbols for a capacitor. 


EXAMPLE 21-2 


Two metal plates, each 5 x 6 cm, are separated from 
each other by 0.5 mm. Calculate the capacitance for the 
following conditions: 

a. The dielectric is air. 

b. The dielectric is mica. 

c. The dielectric is strontium titanate (ceramic material). 


——4|| 


———| -—-— 





(6) Alternate 
capacitor symbols 


(a) Dimensions pertaining to the 
capacitance of a capacitor 


FIGURE 21-3 
Physical factors that determine capacitance and 
alternate symbols. 
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d. The separation is reduced to 0.25 mm with the same 
ceramic dielectric. 





Solution 
a. Kair = 1 
cakes (21-2) 
d 
ce 
_ —12 
= 1x 885 x 107% 
5x 10°7mx 6x 10°?m 
0.5 x 10°? m 
ae 
= 53.1 xX 10 Nm 
= 53.1 x 10°" F = 53.1 pF 
Db. Kmica = 5 
C = Ke (21-2) 
= 5 x 53.1 pF = 265.5 pF 
C. Keeramic = 7500 
C= Ken (21-2) 


= 7500 x 53.1 pF = 398,250 pF = 0.4 pF 
d. If the separation is cut in half, the capacitance is 
doubled. 


C=2 x 0.4 pF = 0.8 pF 





21-4 EFFECT OF A DIELECTRIC 


In Section 21-3, you saw how a larger plate area increases 
capacitance. This seems reasonable, since a larger area 
will allow a greater charge to accumulate. But why should 
a smaller separation between plates also increase capaci- 
tance? And, why should a dielectric material other than air 
increase capacitance? To answer these and other questions, 
it is necessary to consider the electric field between the 
plates of a charged capacitor, and the effect on that field 
of inserting a dielectric. 


21-4.1 Electric Field 


First, consider a single atom of a dielectric in an un- 
charged capacitor, as in Fig. 21-4a. The electrons of the 
atom follow a roughly circular path as they orbit the nu- 
cleus. After the capacitor is charged, however, the electron 
paths become increasingly elliptical. (See Fig. 21-4b.) 
This distortion of the electron orbits takes place because 
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Dielectric 






of force 


Dielectric Circular orbit 


++ +44 + 4+ 4+ 





(a) Electrons in dielectric have a 
more circular orbit in an 
uncharged capacitor. 


the negatively charged electrons tend to move closer to the 
positive plate and away from the negative plate. This 
‘‘stressing’’ of the electrons from generally circular orbits 
to more elliptical orbits accounts for the momentary charg- 
ing current when voltage is first applied. There is no cur- 
rent, because there are no free electrons in the dielectric 
material. The charging current is often referred to as a 
‘‘displacement’’ current, resulting from the shifting of the 
electrons in the dielectric material’s atoms in their orbital 
paths. The atoms are then said to be polarized. When the 
capacitor is discharged, the electrons return to their 
roughly circular orbits. | 

The force acting on the electrons can be represented by 
electric lines of force drawn between the two charged 
plates (as in Fig. 21-45). It is conventional to use an arrow 
to indicate the direction of force on a positive charge. The 
force on the electron is thus opposite the arrow. 

The strength, or intensity, of the electrical field between 
the two plates determines the force on (and the resulting 
distortion of) the electrons orbiting the dielectric material’s 
atoms. If the electric field is intensive enough to ‘‘tear’’ 
the electrons from their orbits, a continuous flow of current 
through the dielectric will result, shorting the capacitor. 
The dielectric is said to have ‘‘ruptured’’ or broken down. 
To remain functional, a capacitor must be designed to 
withstand a high electric field intensity. 

The intensity of the electric field is given by 
(21-3) 


V 
E= 7 volts/meter 


where: E is the electrical field intensity, in volts per meter 
(V/m) 


Electrical lines 


(6) Electric field causes the electron 
orbit to become more elliptical 


CAPACITANCE 


FIGURE 21-4 
Effect of electric field upon electron orbit in an 
atom of a dielectric in a capacitor. 


V is the potential difference across the plates, in 
volts (V) 
d is the plate separation, in meters (m) 


EXAMPLE 21-3 


The capacitor in Example 21-2 is charged to a potential 
difference of 20 V. With a ceramic dielectric determine 
the electric field intensity for the following separations: 
a. 0.5mm 


b. 0.25 mm 
Solution 
V 
a E=- - 
- (21-3) 
— 20V 
0.5 x 10°?m 
= 40 x 10° Vim = 40 kV/m 
V 
b. E=- : 
7 (21-3) 
20 V 
“025 x10°m 


For a given voltage, a smaller separation causes a 
higher electric field intensity. This means that more elec- 
tric lines of force would have to be drawn to represent the 
field between the two plates. Electric lines of force origi- 
nate on a positive charge and terminate on a negative 
charge. This implies that there must be a greater charge 


EFFECT OF A DIELECTRIC 


accumulation on the two plates if the electric field intensity 
is higher. A greater charge for the same voltage means 
greater capacitance. Hence a smaller separation of plates 
(all other factors remaining unchanged) causes an increase 
in capacitance. 


21-4.2 Dielectric Strength 


The field intensities calculated in Example 21-3 are inde- 
pendent of the type of material used for the dielectric. The 
dielectric strength of the material, however, determines 
whether the capacitor can withstand the electric field inten- 
sity in a given situation. The permissible dc working volt- 
age (WVDC) of a capacitor is determined by the separa- 
tion of the plates and the dielectric material. Average 
dielectric strengths for some typical materials are shown in 
Table 21-2. 





EXAMPLE 21-4 


A 600-WVDC, 0.1-wF paper capacitor is to be con- 

structed in a tubular form. Calculate: 

a. The minimum separation of the plates using a safety 
factor of 1.5. 

b. The area of one of the metal foil plates. 

c. The length of metal foil for one plate if the capacitor 
is to be only 4 cm wide. 


Solution 


a. Maximum field intensity E,, = 


Ql< 


(21-3) 


TABLE 21-2 
Average Dielectric Strengths 





BY (=)(=Yeqagles 
Dielectric Strength, kV/mm 
Air 4 
Porcelain 8 
Ceramics 10 
Plastic 16 
Paper 20 
Glass 28 
Teflon 60 
Mica 100 


415 


Therefore, d = 
‘ E 

7 600 V 

~ 20 x 10° V/mm 


3 x 10°27 mm 


Applying a safety factor of 1.5,d = 1.5 x 3 x 10°* 
mm = 4.5 x 10°?mm 


_ oor 
b. C= kK (21-2) 


cd 
K€ 


0.1x 107°°F x 45 x 10°°m 
3 x 8.85 x 10°12 C?/Nm? 


Therefore, A = 





F xm 
= 0.17 C2 Nm? 
But 1F = 1 C*/Nm; therefore, 
C?/Nm x m 
A = 0.17 —>— >. =: 0. 2 
a C?/Nm? Dre 
c. Area = length x width 
area 
T f | = 
herefore, length width 
0.17 m? 
4x 10°2m © arent 


NOTE When the capacitor is rolled into a tubular form, one 
plate will make contact with the other. A second sheet of paper 
is used for insulating purposes and has the effect of doubling 
the capacitance because of a parallel combination. (See Section 
21-6.) Thus the required area in Example 21-4 need only be 
half as much, with a foil length of only 2.12 m. 

Note also that paper has five times the dielectric strength of 
air. This means that for a given voltage rating, the plates are 
five times as close as when air is used. This requires only one- 
fifth the area needed by an air dielectric and contributes to a 
smaller-sized capacitor. 





21-4.3 Induced Electric Field* 


The effect of a dielectric (other than air) on a capacitor 
can now be examined. Consider a pair of charged plates, 
separated by an air space, with a voltmeter connected as 
shown in Fig. 21-5a. An electric field (E,;,) exists between 
the plates. 

Now assume that a glass dielectric is inserted between 
the plates. (See Fig. 21-5b.) The voltmeter reading im- 


*This section may be omitted with no loss of continuity. 
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Induced 
charges 





Voltmeter Voltmeter 


(a) Charged capacitor with plates 
separated by air. 


(6) Insertion of a dielectric sets 
up anopposing electric field 
due to induced charges. 


FIGURE 21-5 
Effect of a dielectric upon the electric field of a 
capacitor 


mediately drops to one-fifth its original value (Kgjass = 5). 
Why? Although there are no free electrons in the dielec- 
tric, an induced charge is set up where the dielectric comes 
in contact with the metal plates. This is caused by the po- 
larization of the dielectric’s atoms when placed between 
the plates. The induced electrical charges set up an electric 
field (Ege) in the dielectric that opposes the original field 
(E,i,). This accounts for the term dielectric, since the pre- 
fix “‘di’’ means opposing. 
The resulting electric field is now given by 


Eien = Bair ~ Laie (21-4) 


and Ejotai iS evidently weaker than before. But as you 
know, electric field intensity is 
Evora = ul (21-3) 
d 
But since d is unchanged, V must have decreased, proving 
the results of Fig. 21-5. 

But how does this insertion of a dielectric cause an in- 
crease in capacitance? Consider that a dc source is con- 
nected across the plates. As the dielectric is being inserted, 
the voltage across the plates will try to drop. But this will 
allow the dc source to deposit more charge on the plates 
to restore the voltage to the applied voltage again. After 
the dielectric is fully inserted, a new, larger charge will 
exist on the plates for the same potential across the plates. 
Since 


_Q 
Sy 


the result is an increase in capacitance. 


(21-1) 


CAPACITANCE 


The ratio of the capacitance with the dielectric to the 
capacitance with air is called the relative permittivity or 
dielectric constant (K). 


_ Cait 
Coir 
The dielectric constant is a measure of how readily the 

dielectric permits an opposing electric field to be set up in 

a given material. The absolute permittivity of a dielectric 

is Keéy. Thus the capacitance of a capacitor is 


EoA 
C = K— 
d 


K (21-5) 


(21-2) 


The dielectric has three functions in a capacitor: 


1. It solves the mechanical problem of keeping the two 
metal plates separated by a very small distance. 

2. It increases the maximum voltage that can be applied 
before causing breakdown (compared with air). 

3. It increases the amount of capacitance, compared 
with air, for a given set of dimensions. 


21-5 TYPES OF CAPACITORS 


The properties and applications of a capacitor are deter- 
mined by the type of dielectric used. Table 21-3 shows the 
major types of capacitors, their typical values, working 
voltages, and common applications. 

As described at the beginning of this chapter, a capaci- 
tor consists of two conductors (metal plates) separated by 
an insulator (dielectric). The ‘‘plates’’ may be in the form 
of metal films in a ceramic disc, silver coatings in a tu- 
bular ceramic, or aluminum foil strips in a paper capaci- 
tor. (See Figs. 21-6a—21-6c.) 

A paper capacitor often has a black band to indicate 
which lead is connected to the outer foil strip. In some 
applications, it is desirable to connect this lead to ground 
to provide shielding by the outer foil. The capacitance is 
the same, however, regardless of the way the capacitor is 
connected in the circuit. 

To increase the effective area of the capacitor, plates 
may be interleaved, as in Fig. 21-6d. This construction is 
typical of mica capacitors and of the variable type of air 
capacitor. In the variable air capacitor, one set of plates is 
fixed and the other can be rotated in or out to increase or 
decrease capacitance. This type of capacitor is often used 
in low-capacitance tuning circuits for radios. 

A type of capacitor that must be connected in a circuit 
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TABLE 21-3 
Major Types of Capacitors 
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PN eo} eo} iCer- Vale) ats 















Voltage 
Type (or. oF- Teli t= Taler=) WVDC 
Monolithic ceramics 1 pF—-10 pF 50-200 
Disc and tube ceramics 1 pF-1 pF 50—500 
Paper 0.001—1 uF 200—1600 
Film—polypropylene 0.001—0.47 wF 400-1600 
Polyester 0.001—1 uF 100—600 
Polystyrene 0.001—1 wF 100—200 
Polycarbonate 0.01-18 uF 90-200 
Metallized polypropylene 4—60 pF 400 VAC 60Hz 
Metallized polyester 0.01—22 uF 100—1000 
Electrolytic-aluminum 1—500,000 pF 5-500 
Tantalum 0.1—1000 wF 3-125 
Nonpolarized 0.47—-1000 wF 10-200 
(either Al or Ta) 
Mica 330 pF—0.05 pF 50—100 
Silver—mica 5—820 pF 50—500 
Variable—ceramic 1—5 to 16-100 pF 200 
Film 0.8—5 to 1.2—30 pF 50 
Air 10-365 pF 50 
Teflon 0.25—1.5 pF 2000 
Metal 
Silver 
oes coating 
Ceramic 
disc Black band indicates lead 
connected to outer foil (in 
paper capacitors) 
Hollow ceramic 
tube 
(a) Ceramic disc (6) Tubular ceramic 
Positive electrode Aluminum 
foil 
Oxide 
dielectric) plead 
Aluminum foil 
(zd) Mica or variable air (e) Aluminum electrolytic 


FIGURE 21-6 
Construction of various types of capacitors. 


UHF, RF coupling 
General, VHF 
Motors, power supplies 


_TV vertical circuits, RF 


Entertainment electronics 
General, high stability 
General 

AC motors 
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Power supplies, filters 
Small space requirement 
High reliability low leakage 
Loudspeaker crossovers 


High frequency 

High frequency 

Radio, TV, communications 
Oscillators, Antenna, RF circuits 
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Aluminum foil 
(c) Paper or plastic film 


(f) Polarization markings for tubular 
aluminum electrolytic 
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R,, Insulation 
C resistance 


FIGURE 21-7 
Equivalent circuit of a capacitor. 


with proper polarity is the polarized electrolytic capacitor. 
The most common type is the aluminum electrolytic, 
shown in Fig. 21-6e. A paste electrolyte is placed between 
two sheets of aluminum foil and a dc forming voltage is 
applied. A current flows and (by a process of electrolysis) 
builds up a molecular-thin layer of aluminum oxide bub- 
bles on the positive electrode. This serves as the dielectric. 
The rest of the electrolyte and the other sheet of aluminum 
foil make up the negative electrode. The very thin dielec- 
tric makes possible very large values (thousands of micro- 
farads) of capacitance in a fairly small space. 

If an electrolytic capacitor is connected with reverse po- 
larity, the insulating layer of bubbles is removed from the 
positive electrode. This allows a high current to flow and 
the capacitor to become hot (it may even explode). To en- 
sure proper connection, the polarization of the capacitor is 
clearly marked, as shown in Fig. 21-6f. It is considered 
good practice to use an electrolytic capacitor at a voltage 
close to its design value. If, for example, a 20-yF 400-V 
capacitor is used in a circuit at only 10 V, there may not 
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be enough voltage to maintain the aluminum oxide bubble 
layer in good condition, and the capacitance value may 
change. Also, the 400-V capacitor is bulkier and more ex- 
pensive than the 10-V version. 


21-5.1 Other Properties of Capacitors 


One disadvantage of the aluminum electrolytic capacitor is 
its relatively large leakage current. This is a de current 
that flows through the capacitor due to imperfections in the 
dielectric or to surface paths from one plate to the other. 
The effect can be represented by an insulation resistance 
(R,) connected in parallel with the capacitor, as shown in 
Fig. 21-7. The heating effect produced within the capaci- 
tor due to current flowing through this resistance is some- 
times represented by an equivalent series resistance (ESR) 
connected in series with the capacitor. 

Similar to dry cells, electrolytic capacitors have a lim- 
ited shelf life due to drying out of the electrolyte paste. 
This process, which may take 3 or 4 years, causes the 
leakage current to increase beyond acceptable levels. It is 
sometimes possible to ‘‘repair’’ such dried-out electrolyt- 
ics by applying a dc voltage of the correct polarity that is 
near the capacitor’s rated value. A resistor must be used 
in series with the capacitor to limit current until the alu- 
minum oxide layer reforms. 

Insulation resistances vary from 3000 MQ) for mica ca- 
pacitors to more than 100,000 MQ for plastic film capac- 
itors. For electrolytics, ESR values and leakage current are 
specified. For standard aluminum electrolytic capacitors, 


FIGURE 21-8 

Typical capacitors. From left to right: 
33-pF, 60-V; 15-pF, 600-V; 100-pF, mica; 
0.05-yF, 600-V; 0.5-yF, 600-V, paper; 
20-F, 450-V; 40-pF, 12-V aluminum 
electrolytic. 
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Capacitance meters. [Photograph in (a) courtesy of Sencore, Inc., in (b), courtesy of Data Precision Corp.] 


this current is in the range of 0.01 to 0.04 mA per micro- 
farad of capacitance, for working voltages of 100 to 500 
V. Any capacitor showing leakage current in the range of 
10 to 15 mA should normally be replaced, because heat 
produced inside such a faulty capacitor forms gases that 
could cause it to explode. Computer grade aluminum elec- 
trolytic capacitors have much lower leakage current val- 
ues, with ESR values as low as a few milliohms (depend- 
ing upon capacitance and voltage ratings). 

In critical applications requiring very low leakage cur- 
rents, a tantalum capacitor can be used. This type of ca- 
pacitor is polarized and must be connected with proper 
polarity (although some can withstand a 3-V reverse volt- 
age). The tantalum capacitor has a lower maximum capac- 
itance and voltage rating than the aluminum capacitor, but 
occupies less space and provides high reliability. Some 
typical capacitors are shown in Fig. 21-8. 

Many capacitors have an operating temperature range 
from —55 to +125°C. A new capacitor designed for hos- 
tile environments operates from 25 to 300°C. It has a sili- 
con nitride dielectric and uses tungsten for the metal 
plates. 

Like resistors, capacitors have various temperature 
coefficients and tolerances. Tolerances may ranges from 
+1% up to 20%. Some capacitors (because the mini- 
mum value is important) may have a specified tolerance of 
—20%, +80%. Ceramic capacitors are available with 
positive, negative, or virtually zero temperature coeffi- 


cients. They can be used to compensate against tempera- 
ture variations because a capacitance can be made to au- 
tomatically increase or decrease with a change in 
temperature. A typical temperature coefficient might be 
+750 ppm (parts per million) per degree Celsius. 

Capacitors are marked in various ways to show values. 
Some use a color-coded stripe method similar to that on 
resistors; others, a series of colored dots. In very small 
capacitors, it is understood that the number printed on the 
capacitor refers to picofarads. In some cases, the marking 
MF is used to show values in microfarads (millionths of a 
farad). 

A number of instruments are available to measure the 
capacitance and other properties of a capacitor. Figure 21- 
9 shows two modern instruments that, between them, can 
measure capacitance from 0.1 pF to 200,000 wF, with an 
accuracy of 0.1%. | 

Capacitors can also be checked for open or short cir- 
cuits with an ohmmeter (described in Section 22-3.1). 


21-6 CAPACITORS IN PARALLEL 


Figure 21-10a shows two capacitors connected in parallel 
with a de voltage source (V). We wish to find the value of 
the single capacitor that is equivalent to the two parallel- 
connected capacitors. 
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(b) The single equivalent 
capacitor charges to a 
total charge of @, + Qo. 


(a) Each capacitor charges 
to the same voltage due 
to separate charges Q, 
and Q>. 


FIGURE 21-10 
Equivalent capacitance of two parallel-connected 


capacitors. 


The charge that accumulates on each capacitor is given 
by 

Oy = VC] 

and OQ» = VC> 


If one capacitor (C7) is to take the place of C, and C3, 
it must store a total charge 


(21-1) 


Or = VCr (21-1) 
where Or a QO; + Qo. 
Therefore, VC; = VC, + VC, 
= VC; + Cy) 
or Cr = C; + C> 
In general, Cr — Cy os C, — C3 -_+ s+ + Cy (21-6) 


This equation gives the total combined capacitance 
for any number of parallel-connected capacitors. Note 
how the equation for parallel-connected capacitors is sim- 
ilar to a series connection of resistors. That is, an increase 
in capacitance results, due to an effective increase in plate 
area (A) in Eq. 21-2. 

Capacitors are connected in parallel, of course, to in- 
crease the capacitance. However, if capacitors of different 
voltage ratings are parallel-connected, the combination is 
limited to the working voltage of the lowest voltage-rating 
capacitor in the group, as shown in Example 21-5. 





EXAMPLE 21-5 


The following three capacitors are connected in parallel 
with each other: 5 wF, 25 V; 10 pF, 20 V; and 1 pF, 50 
V. Determine: 
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a. The total capacitance. 

The maximum working voltage of the group. 

c. The maximum charge that the parallel-connected 
group can store without damage to any capacitor. 


o 


Solution 

a. Cr =C, + Co + Cz (21-6) 
=5+10+ 1 pF 
= 16 pF 

b. Maximum working voltage = 20 V 

c. Q; = VC; (21-1) 
= 20V x 16 pF 
= 320 pC 





21-7 CAPACITORS IN SERIES 


When capacitors are connected in series with a voltage 
source (V), the momentary charging current is the same 
through the circuit, as shown in Fig. 21-1la. This means 
that the same charge (Q) is deposited on each capacitor. 

The voltage to which each capacitor charges is then 
given by: 


Qg 
Ci 
@ 
o, 


V, = (21-1) 


V> = 


But Kirchhoff’s voltage law requires that 
V= V, + V> 


Therefore, _ Q * OQ 
Ci, CG, 


(5-1) 


Cr, 7 = @ 


V 
+i1-— 


(a) Each capacitor charges to a 
different voltage due to the 
same charge. 


FIGURE 21-11 


Equivalent capacitance of two series-connected 
capacitors. 


(6) The single equivalent 
capacitor charges to 
@ due to total voltage V. 


CAPACITORS IN SERIES 


ft | 
V= ae) eo 
and o(2 | 
For one equivalent capacitor (C7) to store a charge (Q) 
due to a total voltage (V), it is required that 


Q 
V=— 21-1 
C, (21-1) 
Therefore, OQ ] 1 
a O ee oe 
Cr C; GC 
1 a 
an CGC C G 
1 1 1 


1 1 
In general, — = +— +—+:-++ + — (21-7) 
Cy 


Cr CG G& G&G 
This equation gives the total combined capacitance 
for any number of series-connected capacitors. Note 
how the equation is similar to a parallel connection of re- 
sistors. This means that a decrease in capacitance results 
with a total capacitance that is always Jess than the small- 
est of the individual capacitances. This may be thought of 
as resulting from an effective increase in the separation (d) 
of the capacitor plates in Eq. 21-2. 
Other equations to find the total capacitance for series- 
connected capacitors follow. For two series-connected ca- 
pacitors only: 


1GxG 


CC. = 
: € 2c, 


(21-8) 
For N equal series-connected capacitors, each of capac- 
itance C: 


C 
Cr = N (21-9) 


EXAMPLE 21-6 


Two capacitors—5 wF, 20 V and 10 uF, 20 V—are con- 
nected in series across a 30-V dc supply. Calculate: 

a. The total capacitance of the series combination. 

b. The charge on each capacitor. 

c. The voltage across each capacitor. 


Solution 
_C, x Ce 
a. Cr = C, rn Co (21-8) 
_ SpF x 10 pF 
~ SpF + 10 pF 
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(21-1) 


(21-1) 


| 
| 
nN 
o 
< 





Y.=>— 





21-7.1 Voltage Division Across 
Capacitors in Series 


The main reason for connecting capacitors in series is to 
increase the working voltage. Example 21-6, however, 
shows an important restriction. The total working voltage 
of the combination is not simply the sum of the individual 
working voltages (unless all capacitors are identical in ca- 
pacitance and voltage rating). In Example 21-6, the 5-wF 
capacitor is working at its limit of 20 V when only 30 V 
are applied to the series combination. 
For two capacitors in series, 


QO = CV; = CV, 


and —_—- == (21-10) 


VY, GCG 
This equation implies that the smaller capacitor has the 
larger voltage across it, and vice-versa. 
For the special case of only two capacitors in series, it 
can be shown that 


C2 
VY, =Vx — It 1-11 
1 CG volts ( a) 
V,=VxX oe volts (21-11b) 
C. + C 


where: V, is the voltage across capacitor C,, in volts (V) 
V>, is the voltage across capacitor C>, in volts (V) 
V is the total voltage across the series connection 
of capacitors C, and C), in volts (V) 

These voltage-divider equations for capacitors are sim- 
ilar to the current-division equations for two parallel-con- 
nected resistors. 

For more than two capacitors in series, the voltage 
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across each capacitor can be obtained by using the method 
shown in Example 21-6; that is, by finding the charge on 
each capacitor and applying Eq. 21-1. 


EXAMPLE 21-7 


Two capacitors—C, = 50 pF, 16 V and Cz = 40 uF, 10 

V—are connected in series. Calculate: 

a. The maximum working voltage of this combination. 

b. The voltage across each capacitor when working at 
the maximum total voltage. 

c. The total capacitance. 


Solution 


a. Since C. is the smaller capacitor, it will have the 
higher voltage across it, which must be limited to 10 


V. 
C 
= fx ——— 21-11b 
Ve C, + Co ( ) 
+C 
Maximum voltage V = V2 x ma 
= Ser x 50 pF + 40 pF 


50 wF 
10V x == 18V 


b. Since C, is working at its limit of 10 V, C; must have 
a voltage across it of 8 V. 


ee 
C, + Cz 
40 pF 
50 wF + 40 pF 


Or V,=V (21-11a) 


18 V x 


4 
1i8Vx-=8V 
9 


a. 
C, + Cy 
50 pF 
50 wF + 40 pF 


Ve = ¥ (21-11b) 
= 18V x 


=18Vx2=10V 


C, X Co 
c. CC, = = 21-8 
T= CGC (21-8) 
— 50 uF Xx 40 pF 
~ 5O pF + 40 pF 
2000 
= —— uF = 22.2 pF 
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21-8 ENERGY STORED IN A 
CAPACITOR 


As you have seen in this chapter, after a capacitor has been 
charged and the charging voltage removed, a potential dif- 
ference remains across the capacitor because of the charge 
on the plates. If a photographic flashbulb (a load) is con- 
nected across the capacitor, it will “‘flash.’’ This shows 
that energy is stored in the capacitor and can be transferred 
upon discharge through a load. In fact, the capacitor is the 
only device, apart from an electric voltaic cell, that can 
store electrical energy. (The charge can sometimes be 
stored for months, as in the application of indicating mea- 
surements of temperature or pressure from remote loca- 
tions.) 

An inductor also stores energy, but only so long as cur- 
rent is flowing through it. The energy in a capacitor can 
be thought of as being stored in its electric field, similar 
to the storage of energy in an inductor’s magnetic field. 
The expression for stored energy in a capacitor is similar 
to that for an inductor (3 LI). The energy stored in a ca- 
pacitor is given by 


W=34CV; joules (21-12) 


where: W is the energy stored in the capacitor, in joules 
(J) 
C is the capacitance, in farads (F) 
V, is the final voltage across the capacitor, in volts 
(V) 


EXAMPLE 21-8 


A 40-wF, 450-V capacitor and a 20-wF, 500-V capacitor 
are connected in parallel across a 400-V dc supply. Cal- 
culate: 

a. The energy stored by each capacitor. 

b. The total energy stored. 


Solution 


a. For the 40 uF, 


W, = 4 CV; (21-12) 
= 3x 40 x 10 °F x (400 V)? 
= 32 
For the 20 pF, 
W, = 3 CV; 


= 4x 20 x 10°F x (400 V)? 
= 1.6J 
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b. Total energy = W, + Wz Capacitors charged to the energy levels in Example 21- 
=~289J+16J=A8J 8 are considered dangerous. To avoid shock and to prevent 
4 C,V? (21-12) damage to such instruments as ohmmeters, always dis- 
1 x 60 x 10°°F x (400 V)? charge capacitors (with the power disconnected) before 


—~48J working on them. 


or W, 


SUMMARY 


10. 


11. 


12. 


13. 


A capacitor consists of two conductors (metal plates) separated with an insulator 
called a dielectric. 

When connected to a source of voltage, a capacitor charges to the applied emf, 
with a positive charge on one plate and an equal, but negative, charge on the 
other. 

Capacitance (C) is defined as the ratio of the charge (Q) in coulombs per plate to 
the potential difference (V) between the plates: C = Q/V. — 

The basic unit of capacitance is the farad (F), with 1 wF = 1 xX 10°-° F and 1 
pF = 1 X 10 '* Fused for practical capacitor values. : 
Capacitance increases with the area of the capacitor’s plates (A) and with a de- 
crease in the plate separation (d) as given by C = K €)A/d. | 

€, is the permittivity of free space and K is the dielectric constant, given in Table 
21h, 

The momentary charging current, or displacement current, is due to the stressing 
of the valence electrons in the atoms of the dielectric when an electric field is set 
up. The atoms are said to be polarized. 

The dielectric strength in kilovolts per millimeter is the electric field intensity that 
determines a capacitor’s working voltage. It must not be exceeded or the dielectric 
will break down. 

A dielectric in a capacitor has an induced electric field that opposes the electric 
field that arises from the charges on the plates. This increases the capacitance, 
permitting more charge to be deposited for a given voltage (compared with air). 
The type of capacitor is determined by the dielectric material. Electrolytic capac- 
itors make use of a chemical process to establish a very thin dielectric layer that 
is polarity sensitive but produces a large capacitance in a small volume. 

When capacitors are connected in parallel, the total capacitance is the sum of the 
individual capacitances. Working voltage is equal to the lowest individual voltage 
rating in the group. 

When capacitors are series-connected, capacitance decreases (similar to parallel- 
connected resistors). The smallest capacitor has the largest voltage across it. 

The energy stored in a capacitor (in the electric field of the dielectric) is given by 
W =3CV; 


SELF-EXAMINATION 


Answer T or F or a, b, c, d, or e for multiple choice 
(Answers at back of book) | 
21-1. Capacitance is the property of a capacitor to store electrical charge and energy. 
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21-2. 


21-3. 


21-4. 


21-5. 


21-6. 


21-7. 


21-8. 


21-9. 


21-10. 
21-11. 


21-12. 


21-13. 


21-14. 


21-15. 


21-16. 


21-17. 


21-18. 


The charge stored on one plate of a capacitor is the same as the charge on the 
other plate. 

Capacitance is defined as the ratio of the potential difference across the capac- 
itor to the charge stored per plate. 
If a charge of 6 uC raises the potential difference of a capacitor from 0 to 3 
V, the capacitance is 

a. 2pF d. 0.5 pF 

b. 18 pF e. none of the above 





c. 2k 

A capacitance of 0.005 wF is the same as 
a. 500 pF d. 5000 pF 

b. 50 nF e. none of the above 


c. 5x 10°F 

If the area of a given capacitor’s plates is doubled and the plate separation is 
reduced by one-half, the new capacitance compared with the initial value is 

a. not changed d. eight times larger 

b. quadrupled e. one-eighth as large 

c. doubled 

If a dielectric with K = 6 is inserted between the plates of an air capacitor, 
the new capacitance compared with the initial value is 

a. 6times smaller d. not changed 

b. 36 times larger e. none of the above 

c. 6 times larger 

The momentary charging current into a capacitor is due to the dielectric becom- 
ing polarized. 

If a voltage of 500 V is applied to a capacitor whose plates are separated by 
0.5 mm, the electric field intensity is 

a. 250 kV/m d. 250 V/mm 

b. 1kV/mm e. either part (a) or (d) 

c. 1000 kV/mm 

The dielectric strength of paper is higher than that of air. 

A smaller plate separation increases the capacitance because the electric field 
intensity is higher. This means that there is a greater charge on the plates for 
the same applied voltage. 

The insertion of a dielectric between the plates of a charged capacitor (with no 
voltage applied) causes an increase in the electric field intensity and potential 
difference. This accounts for the increase in capacitance with a dielectric other 
than air. 

The dielectric constant of a material is the ratio of the capacitance with the 
dielectric to the capacitance with air. _______ 

Large values of capacitance are obtainable only in electrolytic types of capac- 
itors. 

A tantalum capacitor, although an electrolytic type, is not polarity-sensitive. 


A high insulation resistance indicates a large leakage current in a capacitor. 


The high capacitance of an electrolytic capacitor results from a molecular-thin 
oxide layer acting as the dielectric between the plates. 

The equations for calculating the total capacitance of parallel-connected capac- 
itors are similar to those for parallel-connected resistors. 
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REVIEW QUESTIONS 


21-19. 


21-20. 


21-21. 


21-22. 


21-23. 


21-24. 


21-25. 


The maximum working voltage of parallel-connected capacitors is determined 
by the lowest individual working voltage. 

The working voltage of a series-connected combination of capacitors is the sum 
of the individual working voltages. 

A parallel combination of 0.5 wF, 100 V and 1 wF, 50 V has an equivalent 
value of 

a. 1.5 pF, 100 V d. 1.5 pF, 150 V 

b. 3 pF, 50 V e. none of the above 

c. 1.5 pF, 50 V 

A series connection of the two capacitors in Question 21-21 has a total capac- 
itance of 

a. 3 WF d. 0.3 wF 

b. 3 pF e. none of the above 

c. 1.5 uF 

When capacitors are series-connected, the largest capacitor has the largest volt- 
age across it. 

Voltage division across series-connected capacitors can be calculated using the 
same equations as those used for voltage division across series-connected resis- 
tors. | 
The energy stored by a capacitor can be doubled by either doubling the capac- 
itance or the voltage. 


REVIEW QUESTIONS 


1. 


b. 


iS) 
Socopogee 


What is the mathematical definition of capacitance? 

What is 1 C/V called? 

Why are microfarads and not farads used to identify a capacitor’s capacitance? 
What are the factors that determine the capacitance of a capacitor? 

Which of these factors also determines the working voltage? 

If a perfect insulator were used for the dielectric in a capacitor, would there 
still be a momentary charging current? 

If so, how can you explain this? 


4. What is the difference between the electric field intensity of a charged capacitor 
and the dielectric field strength? 
5. Explain why a decrease in plate separation causes an increase in capacitance. 


6. a. Why does the insertion of a dielectric (in place of air) cause a decrease in 
voltage across the plates of a charged capacitor? 
b. What is the origin of the word dielectric? 
c. Explain why a dielectric increases the capacitance compared with air. 
7. What are three functions provided by a dielectric? 
8. a. What is the basic construction difference between an electrolytic capacitor and 
the other types? 
b. What accounts for the very large values of capacitance? 
c. What restriction applies to an electrolytic? 
9. a. What does a capacitor’s insulation resistance represent? 
b. What initial and final readings do you think an ohmmeter would indicate when 
connected across an uncharged capacitor? 
c. How can the final reading of the ohmmeter differ if an electrolytic is being 
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10. a. 
b. 
c. 
11. a. 
b. 


checked compared with a plastic film capacitor? Would the reading change if 
the ohmmeter connections were reversed? 

What is the point of connecting capacitors in parallel? 

How is the maximum working voltage of a parallel combination determined? 
If electrolytic capacitors are being parallel-connected, what precaution must 
be observed? 

Why, when capacitors are series-connected, does the smallest capacitor have 
the highest voltage across it? 

Under what condition is the maximum working voltage of series-connected 
capacitors equal to the sum of the individual capacitor working voltages? 


12. How is the energy stored in a capacitor different from the energy stored by an 


inductor? 
PROBLEMS 
(Answers to odd-numbered problems at back of book) 
21-1. How much capacitance is required to store 100 wC of charge on each plate of 
a capacitor when connected to a 20-V dc supply? 
21-2. A 0.015-wF capacitor is connected to a 6-V battery. How much charge is 
deposited on each plate? 
21-3. What voltage must a 1500-pF capacitor be connected to for a charge of 0.03 
wC per plate? 
21-4. A charge of 2.5 wC raises the potential difference of a capacitor to 100 V. 
a. What is the capacitance of the capacitor? 
b. How much charge must be removed to drop the voltage to 20 V? 
c. What is the potential difference across the capacitor when the charge is 
increased to 4 wC? 
21-5. A sheet of paper is 0.008 cm thick. Calculate: 
- a. The capacitance of two metal plates each 21.6 < 28 cm (approximately 
83 by 11 in.) when separated by one sheet of paper. 
b. The maximum working voltage of the capacitor in part (a). 
21-6. Repeat Problem 21-5 for the same thickness of mica. 
21-7. A 1-F capacitor is to be constructed with a strontium titanate (ceramic) di- 
electric that is 0.1 mm thick. Calculate: 
a. The necessary plate area. 
b. The maximum working voltage assuming a safety factor of three. 
21-8. Repeat Problem 21-7 using a bakelite (plastic) dielectric. 
21-9. A 0.0015-wF paper capacitor must have a maximum working voltage of 600 
V, with a safety factor of three. Determine the necessary area of each plate. 
21-10. Repeat Problem 21-9 using a bakelite (plastic) dielectric. 
21-11. Determine the electric field intensity in the capacitor of Problem 21-9 when 
operating at its maximum working voltage. 
21-12. Two metal plates of 20-cm diameter are separated by | cm of air. A charge of 


0.003 uC is deposited on the plates. Calculate: 

a. The capacitance of the two plates. 

b. The potential difference across the plates. 

c. The electric field intensity. 

d. The new potential difference when a 1-cm-thick sheet of glass is inserted 
between the plates. 
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e. The new electric field intensity. 

f. The new capacitance of the plates. 

g. The additional charge necessary to restore the potential difference to the 
initial value in part (b). 

21-13. The following capacitors are parallel-connected: 47 wF, 25 V; 25 wF, 35 V; 

and 50 wF, 16 V. Determine: 

a. The total capacitance. 

b. The maximum working voltage of the group. 
c. The maximum charge that the group can store. 

21-14. A 40-uF capacitor is connected across a 12-V dc supply. What size of capac- 
itor must be connected in parallel with the first so that a total charge of 840 
wC is stored? 

21-15. Four 25-wF, 25-V capacitors are connected in series to a 50-V source. Calcu- 

' late: 
a. The total capacitance of the series combination. 
b. The charge on each capacitor. 
c. The voltage across each capacitor. 
d. The maximum working voltage of the combination. 

21-16. Repeat Problem 21-15 using two 25-wF, 25-V capacitors and two 10-wF, 30- 
V capacitors. 

21-17. A 0.015-wF capacitor is connected in series with a 0.02- WF capacitor and a 
200-V dc supply. Calculate: 

a. The total capacitance. 
b. The minimum voltage rating of each capacitor. 

21-18. What is the largest value of capacitance that can safely be connected in series 
with a 500-wF, 12-V capacitor and a 15-V dc supply? 

21-19. What size of capacitor must be connected in series with a 40-wF capacitor to 
give a total capacitance of 24 wF? 

21-20. If the two capacitors in Problem 21-19 are each rated at 15 V, what is the 
maximum working voltage of the series combination? 

21-21. Find the maximum energy that the capacitors in Problem 21-13 can store. 

21-22. Find the maximum energy that the capacitors in Problem 21-15 can store. 

21-23. What size of capacitor, charged to 250 V, is necessary to store an energy of 1 
J? 

21-24. A capacitor is to be charged with 0.01 C to store 2 J of energy. Calculate: 

a. The necessary voltage. 
b. The amount of capacitance. 

21-25. Calculate the total capacitance of the series-parallel-connected capacitors in 
Figs. 21-12a and 21-12b. 


1000 pF 15 4 15 pF 
0.001 uF 0.0015 uF 10 pF I | 
15 oF 
1500 pF 10 uF 
FIGURE 21-12 


Circuits for Problem 21-25. (b) 
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Although no steady current flows in a de capacitive circuit, there is 
a momentary charging or discharging current that flows whenever 
the voltage across the capacitor is changing. (This can be 
compared with the induced voltage across a coil, which appears 
only when the current through the coil is changing.) To determine 
the amount of time needed to charge or discharge a capacitor, 
you must determine the time constant (RC) of the circuit. This time 
constant allows you to examine the transient responses in a series 
RC circuit and determine how steady-state conditions are reached. 
In a way similar to that used for inductive circuits, a graphical 
method of universal time-constant circuits can be employed to 
solve for instantaneous capacitor voltage and current. 


An electronic photoflash unit is a common application of a 
capacitor in a de circuit. This application involves slowly charging 
a capacitor to limit the current drawn from a battery or dc supply, 
then suddenly discharging all or some of that stored energy to 
provide a bright light for a very short time. Other capacitor 
applications include a short time-constant differentiating circuit, 
and long time-constant-filtering and delay circuits. 


Finally, you will learn how to use an ohmmeter to check a 


capacitor and an oscilloscope to measure capacitance. 
Le AE TS LS a 


CURRENT IN A CAPACITIVE CIRCUIT 


22-1 CURRENT IN A CAPACITIVE 


CIRCUIT 


You have learned that when a dc voltage is applied to a 
capacitor, the charge stored is given by 


Q=CV (21-1) 


Assume that depositing an additional small charge (AQ) 
raises the potential difference across the capacitor by a 
small amount (AV). Therefore, 


AQ = CAV* 

If these changes take place in a short time (Ad), then: 
AQ AV 
A: At 


A 
But = is the average current (i) during this short in- 
terval (At). Thus 


._ HAV 
he 


To emphasize that this is the current into (or out of) the 
capacitor, and that you must consider the changing voltage 
across the capacitor, consider the following: 


Ave 


ic = o( 2) amperes (22-1) 


At 


where: ic is the current into or out of the capacitor, in 

amperes (A) 

C is the capacitance, in farads (F) 

Avc is the change in voltage across the capacitor, 
in volts (V) 

At is the time interval, in seconds (s) 

Avc 

At 
second (V/s) 

Equation 22-1 states that current flows into (or out 
of) a capacitor only when the voltage across the capac- 
itor is changing. This should be compared to the corre- 
sponding equation for an inductor: 


is the rate of change of voltage, in volts per 


(17-1) 


*If OQ = CV, then increasing V by a small amount AV to V+ AV results 
in an increase in Q to a new value Q + AQ, such that O + AQ = C(V 
+ AV). Subtracting the equation Q = CV, we obtain AO = CAV. 
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where the voltage is induced only when the current is 
changing. 





EXAMPLE 22-1 


The voltage across a 4-wF capacitor is raised from 16 to 

24 V in 2 ms. Calculate: 

a. The average rate of change of voltage across the 
capacitor. 

b. The average current into the capacitor during the 2- 
ms interval. 

c. The increase in charge on the capacitor. 


Solution 
Ave _ 24V —- 16V 


At 2x 10-*s 
= >xi07s = 4000 V/s 


(22-1) 


V 
= 4x 10°F x 4000 — 


= 16x 10°A=16mA 
c. AQ =CAV 

=4 «107° F x 8V 
32 x 10°°C = 32 pC 


EXAMPLE 22-2 


The voltage across a 50-uF capacitor varies as shown in 
Fig. 22-1a. Draw the waveform of the capacitor current. 


Solution 
During the first 5 ms: 


Ave 


0 x 
lo=C At 


(22-1) 


14V—-—4V 


—6 
= x 
OI aes 


| 


50 X 10 °F x2 10°~ = 100 mA 


Avo . 
Note that the rate of change of voltage, ae is con- 


stant at 2 kV/s during this interval, so the current into the 
Capacitor (causing it to charge) is constant at 100 mA. 
See Fig. 22-1b. 

From 5 to 10 ms there is no change in voltage. This 
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Uc, volts 


14 


4 
@) 
10 15 20 24 
(a) Voltage variation 
ic, MA 
Charging 
100 
t, MS 

, 5 10 24 

-—50 


Discharging 


(b) Capacitor current 


FIGURE 22-1 
Waveforms for Example 22-2. 


means that =~ is zero, and the capacitor current is also 


zero. 

During the interval from 10 to 24 ms the voltage is 
decreasing at a constant rate. The capacitor current is 
given by 


Ave 


in=CxX At 


(22-1) 





(a) Circuit containing resistance 
and capacitance 


(c) Current and resistor voltage variation 
with time 





0 


0 


CAPACITANCE IN DC CIRCUITS 


OV-14V 
24 — 10 ms 


V 
50 x 10°°F x (- x 10°¥) = —50 mA 


50 x 10 °F x 


I 


The negative sign means that the current is flowing in 
the opposite direction, indicating that the capacitor is dis- 
charging. See Fig. 22-1b. 


22-2 CHARGING A CAPACITOR 


Example 22-2 suggests that, if a capacitor is charged with 
a constant current, the capacitor voltage increases in a lin- 
ear manner. Next, we examine the rate at which a capac- 
itor charges when connected suddenly across a dc voltage, 
with a series resistance, as in Fig. 22-2a. 

Assume that the capacitor is initially discharged, so that 
Vc is zero. This means that, when the switch is first closed, 
all the applied voltage must appear across the resistor. 
(The capacitor appears, momentarily, as a short circuit.) 
Thus, the initial charging current is determined only by the 
applied voltage and the resistance: 


V 10 V 
Initial = R = 


At the instant the switch is closed, the current immediately 
increases from 0 to V/R, as shown in Fig. 22-2c. 
This current causes a charge to be deposited on the ca- 





(b) Capacitor voltage variation with time 


FIGURE 22-2 

t Voltage and current 
waveforms for a charging 
capacitor. 


TIME CONSTANT (7) 


pacitor, so that some short time later, the capacitor voltage 
has increased above zero, as shown in Fig. 22-25. 


But Kirchhoff’s voltage law, as shown in Fig. 22-2a, 
requires that 


V = ve + Ve 


This means that with some charge on the capacitor, the 
resistor voltage, vp, is less than when the switch was first 
closed: 


Ve = V - Ve 


And since vp = iR, the current must now have some lower 
value. But you also know that 


i= C—— (22-1) 


If i is lower than its initial value, then the rate of 


change of the capacitor voltage = is also lower. That 
is, the capacitor voltage is still increasing (as shown in 
Fig. 22-2b), but at a decreasing rate. The charging current 
also continues, but at a decreasing rate, as shown in Fig. 
22-2c. 

Eventually, the capacitor voltage reaches the applied 
voltage (V). There is no further change in voltage, and the 
charging current drops to zero. (See Fig. 22-2c.) If the 
switch is now opened, the capacitor value remains at its 
steady-state value of V. The increasing portion of vc (Fig. 
22-2b) and the momentary decreasing charging current 
(Fig. 22-2c) are called transient responses. They are sim- 
ilar to the transients that occur in an inductive circuit, but 
with the roles of current and voltage interchanged. 

To determine how long it takes for the capacitor to fully 
charge to its steady-state value, the time-constant (T) of the 
circuit must be considered. 


22-3 TIME CONSTANT (7) 


Since the largest charging current occurs at the instant the 
switch is closed, the highest rate of capacitor voltage 
change must occur at that instant, as well. That is, 


V 
i = Jinita = R 


Avec 
= — 22-1 
and i=C ( At, ( ) 
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c{Ave\ _ ¥ 
Thus Ato R 
and the initial rate of rise of the capacitor voltage is 


V 
—£ = — volts per second (22-2) 


where: Avc . . 
— is the initial rate of rise of the capacitor 


Ato 

voltage, in volts per second (V/s) 

V is the applied dc voltage, in volts (V) 
R is the series resistance, in ohms (11) 
C is the capacitance, in farads (F) 


EXAMPLE 22-3 


For the circuit and values given in Fig. 22-2a, determine: 
a. The initial rate of rise of the capacitor voltage. 

b. The initial charging current. 

c. The final capacitor voltage. 


Solution 
AVco V 
* “Aty  AC (22-2) 
- 0M 
1x 10°OQx 1x 10°F 
= 10 x 10° V/s 
V 
b. Initial charging current = = 
10 V 
77 e400, 


c. Final capacitor voltage = V = 10 V 


Now, consider how long it would take the capacitor 
voltage to reach its final value if it continued to increase at 


ees V 
its initial rate of change, or RC volts per second. This 


length of time can be referred to as the time constant (tT). 
(See Fig. 22-3.) 

Figure 22-3 shows that the voltage does not increase at 
this rate. In fact, when t = 7, the actual capacitor voltage 
is only 0.63 of its final value. This is the more usual def- 
inition of the time constant. That is, the time constant is 
the time required for a change of 63% to occur from the 
initial value to the final value. (See Section 22-5.) 
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Run = At=r 
FIGURE 22-3 
Determination of time constant, +. 


Let the dotted line that is tangent to the voltage curve 
reach the final value of the capacitor voltage in a time 
interval t. This dotted line represents the initial rate of 
change of the capacitor voltage. It has a slope given by 


rise vertical intercept 


initial slope = : 
run __ horizontal intercept 


V 
= — volts per second 
fe 


A V 
But initial slope = i = Be volts per second § (22-2) 
Theref ae 
erefore, RC 
and +t = RC seconds (22-3) 


where: T is the time constant of the circuit, in seconds (s) 
R is the resistance, in ohms (Q) 
C is the capacitance of the circuit, in farads (F) 

Equation 22-3 gives the time required for a capaci- 
tor to reach 63% of its final steady-state voltage. This 
time is equal to the product of the circuit capacitance 
and resistance. 

It can also be shown (see Section 22-5) that it takes 
approximately five time constants for the capacitor to 
charge to its final steady-state voltage. This time is not 
dependent upon the voltage applied, as shown by the fol- 
lowing examples. 


EXAMPLE 22-4 


A 5-pF capacitor and a 10-kQ resistor are series-con- 
nected across a 12-V dc supply. (See Fig. 22-4.) Calcu- 
late: 


CAPACITANCE IN DC CIRCUITS 


The time constant of the circuit. 

The initial rate of rise of the capacitor voltage. . 

The capacitor voltage after one time constant. 

The time required for the capacitor to charge to 12 
V. 


ao 09 


Solution 


a. t= RAC 
= 10 x 10°90 x 5x 10°F 
= 50 x 10 °s = 50 ms 
» Ave VY | 
> AY, RC 
12Vv 
—=Boxnioss sw vis 


c. After one time constant 


(22-3) 


(22-2) 


vc = 0.63 x V 
= 0.63 x 12 V = 7.56 V 


d. Time to reach 12 V 5 Tt 


5 x 50 ms = 250 ms 


EXAMPLE 22-5 


The capacitance in the previous example is doubled to 
10 uF; the resistance is cut in half to 5 kQ; and the volt- 
age is doubled to 24-V dc. (See Fig. 22-4.) Calculate: 

a. The time constant of the circuit. 

b. The initial rate of rise of the capacitor voltage. 

c. The capacitor voltage after one time constant. 

d. The time required for the capacitor to charge to 24 


ve 


Uc, volts 






24 4------——-- ees 
Example 22-5 


Example 22-4 


Time 


27 3r 47 Or 
(250 ms) 


(50 ms) 
FIGURE 22-4 
Capacitor charging curves for Examples 22-4 and 
22-5. 


DISCHARGING A CAPACITOR 


Solution 
a. t= RC (22-3). 
=5x 10° x 10 x 10°°F 
= 50 x 10 °*s = 50 ms 
Ave Ve 
b. i “ae (22-0) 
24 V 
“box 10%s 


c. After one time constant 


vc = 0.63 x V 
0.63 x 24V = 15.12 V 


d. Time to reach 24 V 


5 Tt 
5 x 50 ms = 250 ms 


Both capacitors reach 63% of their final steady-state 
value (7.65 V for the first capacitor, 15.12 V for the sec- 
ond) in the same time of 50 ms. Also, both charge to their 
final values of 12 V and 24 V in the same time of 5 RC 
or 250 ms. This occurs because the rate of rise of voltage 
is twice as great in Example 22-5 as in Example 22-4. 
(See Fig. 22-4.) 


22-3.1 Checking Capacitors with an 
Ohmmeter 


When an ohmmeter is connected across an uncharged ca- 
pacitor, there is an initial charging current determined by 
the resistance of the ohmmeter and its cell voltage. (An 
ohmmeter is essentially a series circuit consisting of resis- 
tance, dry cell, and meter movement. The ohmmeter even- 
tually charges the capacitor to the voltage of its internal 
dry cell or cells.) 

The effect on the ohmmeter is a sudden deflection of 
the pointer from infinity toward zero ohms, as shown in 
Fig. 22-Sa, because of the relatively large initial charging 
current. The capacitor initially acts like a short circuit (ex- 
hibits very low resistance). 

As the capacitor charges to the ohmmeter cell voltage 
(see Fig. 22-55), the ohmmeter’s pointer gradually moves 
back toward infinity. The rate at which it moves is deter- 
mined by the time constant of the capacitor and the 
ohmmeter resistance. The final reading of the ohmmeter is 
an indication of the insulation resistance of the capacitor. 
(Section 21-5.1.) For most capacitors, this resistance is 
practically infinite on the average ohmmeter. For electro- 
lytic capacitors, however, the final ohmmeter reading will 
be noticeably less than infinite and may depend upon the 
polarity applied to the capacitor. 
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Ohms Ohms 


0 ee) 0 00 


C C 


(6) Ohmmeter pointer gradually 
moves toward infinity as the 
capacitor charges. 


(a) Ohmmeter initially deflects 
toward zero when first 
connected to the capacitor. 


FIGURE 22-5 
Checking a capacitor with an ohmmeter. 


If the pointer goes to zero and stays there, it is evident 
that the capacitor is shorted. If there is no initial deflection 
from infinity toward zero, the capacitor is open. However, 
the capacitor must be checked on a suitable ohmmeter 
range to give a visible charging deflection. On the very 
low resistance ranges, charging can be so instantaneous 
that no initial deflection toward zero can be observed. This 
is especially true for very small capacitors of a few pico- 
farads, where the time constant is very small. A higher 
resistance range (such as R X 1 MQ) must be used for 
these capacitors. The higher resistance, however, limits 
the initial charging current, so little (if any) pointer deflec- 
tion from infinity will result on any ohmmeter range for 
very small capacitors. Also, if the capacitor is connected 
in a complete circuit, the ohmmeter readings may be af- 
fected by other components. 

Obviously, the use of an ohmmeter to check a capacitor 
must be done carefully. It provides only a simple check to 
see if the capacitor has any obvious problems. 


22-4 DISCHARGING A CAPACITOR 


You have seen how a charged capacitor stores energy (W 
= 4 CV’). Now, we will examine how a capacitor dis- 
charges, returning this energy to a load. 

Consider the circuit in Fig. 22-6a. If the switch has 
remained in position | for five or more time constants, the 
capacitor is fully charged (to 10 V, in this example). When 
the single-pole, double-throw switch is thrown to position 
2, the capacitor immediately begins to discharge. The ini- 
tial discharge current is determined by the initial capacitor 
voltage and the resistance: 
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Vinitial 
foitia = RE 


This occurs because, by Kirchhoff’s voltage law, the 
initial capacitor voltage must be equal to the voltage across 
the resistor. Since the direction of the discharging current 
is opposite to that of the charging current, the waveform 
of the capacitor current in Fig. 22-6c is shown as negative. 
(Note that Fig. 22-6a shows the instantaneous polarity of 
Vp across R and the actual direction of current (i) when the 
switch is in position 2. In this sense, vg and i in Fig. 22- 
6c are not negative. They are negative, however, with re- 
spect to the reference polarity and direction used in Fig. 
22-2a, where the capacitor was charging. Showing the 
current waveform in Fig. 22-6c as negative is meant to 
emphasize the opposite direction that current flows upon 
capacitor discharge. ) 

Since charge is being removed from the capacitor, the 
potential difference across the capacitor drops from its ini- 
tial value, as shown in Fig. 22-6b. The initial rate of de- 
crease of capacitor voltage is again given by 


V initial 
—E i — initial iy, 
RC (22-2) 





0 


(2) Capacitor is discharged by throwing 
switch to position 2. 


0 

0.37 X Tinitial 
Vics 

Final =—p- 
l, UR 


(c) Capacitor discharging current 


T 





CAPACITANCE IN DC CIRCUITS 


After one time constant (tT = RC), the capacitor voltage 
has changed 63%. This means that the voltage across the 
capacitor is now only 0.37 of its initial value (3.7 V). 
Similarly, the current has dropped to 0.37 of its initial 
value (3.7 mA) after one time constant. 

After five time constants (St = SRC), both the decreas- 
ing capacitor voltage and the discharging current are ap- 
proximately zero. The transient is ended and the capacitor 
is completely discharged. All of the energy stored in the 
capacitor has been dissipated in the resistor. 


NOTE It takes the same time for the capacitor to discharge as 
it does to charge, if the same series resistance is used. For Fig. 
22-6a, t = RC = 1 ms for both charging and discharging. Thus 
it takes 5 ms to completely charge or discharge. Example 22-6 
shows a circuit that has different charge and discharge time 
constants. 


22-4.1 Application to a Capacitor 


Photoflash Unit 


The circuit shown in Fig. 22-7 can produce short-duration, 
high-current pulses without drawing a large current from 
the supply. The large resistance (Rj) limits the peak charg- 
ing current (/,) and allows a gradual charging of the ca- 
pacitor due to the large time constant (Tt; = R,C). When 





2 3 4 Or 


(6) Capacitor discharging voltage 


FIGURE 22-6 
Voltage and current 
waveforms for a 
discharging capacitor. 


DISCHARGING A CAPACITOR 


lee 


igh voltage 
dc supply 


Uc 


Slow 
charging 
R, large 


+ 





(a) Circuit provides slow charge in position 1 
and fast discharge in position 2. : 


Low charging 
current 
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(b) Capacitor voltage 





(c) Capacitor current 


the switch is thrown to position 2, the low resistance of R 
permits a high discharge current. The duration of this cur- 
rent is determined by the small time constant (t2 = R,C). 
In addition to its use in photoflash units, this system pro- 
vides the high surge current needed in such applications as 
electric spot welding and radar transmitter tubes. For a 
given capacitance, the amount of energy delivered by each 
discharge pulse can be controlled (for a given capacitance) 
by the voltage used to charge the capacitor. 


EXAMPLE 22-6 


A capacitor photoflash unit uses a circuit similar to that 
in Fig. 22-7 with a 300-V supply, a 500-wF capacitor, 
and a current limiting resistor of 4 kQ. Assume that the 
resistance of the lamp, Rs, stays constant at 10 when 
the shutter contact discharges the capacitor in position 2. 
Calculate: 

a. The time required for the capacitor to fully charge. 
The peak charging current. 

The time required for the capacitor to fully discharge. 
The peak discharging current. 

The energy stored by the capacitor. 


029050 


FIGURE 22-7 

Typical RC circuit for 
short-duration, high-current 
pulses. 


High discharge 
current 


f. The average power produced by the lamp, in watts, 
during the discharge period. 


Solution 


a. Charging time = 5R,C 
=5x 4x 10°Q x 500 x 10°°F 


= 10s 
V 
b. Peak charging current, /, = R. 
, 
300 V 
“eg 
c. Discharging time = 5 R2C 
= 5 x 100 x 500 x 10°°F 
= 25 ms 
d. Peak discharging current, 
V 
/ = —— 
2 R; 
300 V 
~4oo ~ A 
e. Energy stored, 
w=3CV (21-12) 
= 4 x 500 x 10°°F x (300 V)? 
= 22.5 J 





Power, P= (3-4) 





0.025 s 
= 900 J/s = 900 W 


22-5 UNIVERSAL TIME-CONSTANT 
CURVES 


If you wish to determine capacitor voltage and current at 
times other than one and five time constants, you can use 
universal time-constant curves. These curves give the in- 
stantaneous values as a percentage of the initial or steady- 
state values, with the time given in time constants. Uni- 
versal time-constant curves for charge and discharge volt- 
age and current in a dc capacitive circuit are shown in Fig. 
22-8. (These are the same curves shown for series RL cir- 
cuits in Fig. 19-4.) Note that, at one time constant (T), the 
capacitor has charged to 63% of its final steady-state volt- 
age, and the charging current has dropped to only 37% of 
its initial value. In either case, a change of 63% occurs in 
just one time constant. 
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These curves also confirm that the charging or discharg- 
ing of a capacitor is essentially complete after five time 
constants. 


EXAMPLE 22-7 


Refer to the circuit of Fig. 22-9a. After the switch has 
remained in position 2 for a long time (until the capacitor 
is completely discharged), the switch is thrown to posi- 
tion 1. Use the universal time constant curves to deter- 
mine: 

a. The capacitor voltage 3.5 s later. 

b. How long it takes for the capacitor voltage to dis- 
charge to 24 V if the switch is returned to position 2 
after being in position 1 for 3.5 s. 

c. The capacitor voltage waveform for parts (a) and (b). 


Solution 
a. 1, =R,C (22-3) 
= 220 x 10° x 10 x 10 °F 
= 22S 





FIGURE 22-8 

Universal time-constant curves 
for charge and discharge voltage 
and current in a capacitive 
circuit with direct current. 





ALGEBRAIC SOLUTIONS USING EXPONENTIAL EQUATIONS 


Ry 
220 ka 





0.77 1.67 
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vc Charging 






Uc discharging 


i) 


3.9 6.93 


(c) Capacitor voltage waveform 





Ding V 
(a) Circuit with different charge 48 
and discharge times 
24 
0 
FIGURE 22-9 
Circuit and waveforms for Example 22-7. 
Charge time t = 3.5s 
3.5 S 
= = 1.597 ~ 1.6 
2.2 s/t ‘ . 


From Fig. 22-8a, when t = 1.6 T, ve = 80% of V 
(see Fig. 22-9b). 
Therefore, vc = 80% of V 
0.8 x 60V = 48 V 
b. Initial capacitor voltage = 48 V 
Capacitor voltage 


= 24V 
= aay x 100% of initial value 


= 50% of initial value 


From Fig. 22-86, when vg = 50% of initial value, 


t= 0.77 (see Fig. 22-9b) 


Discharge time constant 
‘o> (R,; = R2)C 
= (220 x 10° + 270 x 10°) x 10 x 10°°F 


= 49s 
Discharge time to reach 24 V = 0.77 
= 0.7 x 49s 
= 3.43 s 


c. See Fig. 22-9c. 


Note that the discharge time constant depends upon the 
total series resistance (R,; + R>). 


22:6 ALGEBRAIC SOLUTIONS USING 
EXPONENTIAL EQUATIONS* 


Instead of using a graphical approach, you can calculate 
the capacitor voltage and current at any instant (for charg- 
ing or discharging), using the exponential equation intro- 
duced in Section 19-4: 


Instantaneous value 
= Final value + (Initial — Final) e~“" (19-4) 


where: Instantaneous value is the value of the current or 
voltage at any instant of time 
Final value is the steady-state value of current or 
voltage after the transient has ended 
Initial value is the value of current or voltage at ¢ 
= 0" (at the beginning of the transient) 
e is the irrational number 2.71828 . . ., the base 
of natural logarithms 


*This section may be omitted without loss of continuity. 
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t is the instant of time at which the value of current 
or voltage is to be found 

+ is the time constant of the circuit, in seconds (s), 
which is equal to L/R for an inductive circuit and 
RC for a capacitive circuit 


22-6.1 Equations for Capacitors 
Charging 


Specific equations for capacitor voltage and current can be 
developed by sketching the responses and identifying ini- 
tial and final values. (See Fig. 22-10.) 

For a charging capacitor, the initial capacitor voltage is 
zero, and its final value is V. (Remember that the voltage 
across a capacitor cannot change instantaneously.) See 
Fig. 22-10b. 


Instantaneous value 


= Final value + (Initial — Final) ee (19-4) 
ve =V+(0- Vie" 
_ V _ Ve" 


vo = VA — e*) (22-4) 


where: vc is the capacitor voltage, in volts (V) 
V is the applied dc voltage, in volts (V) 
t is the instant of time after closing the switch, in 
seconds (s) 
t+ = RC is the time constant, in seconds (s) 


Initial 


O 
(b) Capacitor voltage variation with time 





(a) Circuit containing ‘ 
resistance and capacitance 5 


Initial 





(c) Current variation with time 





CAPACITANCE IN DC CIRCUITS 


To obtain the expression for capacitor charging current, 
observe (from Fig. 22-10c) that the initial current (at ¢ = 
0*) is V/R and that the final current is 0. 


Instantaneous current 
= Final current + (Initial — Final) e~“’ (19-4) 


(22-5) 


where: i is the value of current, in amperes (A) 
V is the applied dc voltage, in volts (V) 
R is the circuit resistance, in ohms (Q2) 
t is the time after closing the switch, in seconds (s) 
+t = RC is the time constant, in seconds (s) 
Note the result of substituting t = RC in Eq. 22-4: 


ve = VI -— e “) 

vil _ ad) 

V1 —e') 

Vil — 0.368) 

= 0.632V = 63.2% of V 


This confirms that in one time constant, the capacitor 
voltage has reached approximately 63% of the final steady- 
state voltage. 

If t = 5RC is substituted in Eq. 22-4, 


ve = Vil — e7°) 


FIGURE 22-10 

A series RC circuit with dc 
voltage applied, showing current 
and capacitor voltage responses 
with exponential equations. 


ALGEBRAIC SOLUTIONS USING EXPONENTIAL EQUATIONS 


V1 — 0.0067) 
= 0.9933V = 99.3% of V 


This also confirms that the transient is essentially com- 
plete in a period of five time constants. 

Note that the equation for capacitor voltage (Eq. 22-4) 
is of the same form as the equation for inductor current 
(Eq. 19-5), and that the equation for capacitor current (Eq. 
22-5) is of the same form as the equation for inductor volt- 
age (Eq. 19-6). 

This relationship is no accident—it arises from the fun- 
Ai 
At 
seen that the roles of voltage and current are interchanged. 
Because of this, circuits that contain both inductance and 
capacitance can produce some interesting results. This in- 
teraction of inductance and capacitance will be examined 
in detail under the topic of resonance in Chapter 26. 


Av — 
damental relations v, = L— and ic = ae where it is 


22-6.2 Equations for Capacitors 
Discharging 
For a discharging capacitor, with an initial voltage of V 


and a final value of 0 (as in Fig. 22-11b), Eq. 19-4 can 
again be applied. 


Instantaneous voltage 


= Final voltage + (Initial — Final) e~“" (19-4) 


Initial 


0 





(a) Circuit with emf 
being disconnected 


V ses 
- FR Initial 


(c) Current variation with time 
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ve =0+(V-Oe™ 


vo = Ve ™ (22-6) 


The capacitor current has an initial value (at t = 0°) 
of —V/R and a final value of 0. (See Fig. 22-11c.) 


Therefore Pi 4 _V ~ 0] e-* 
R 
j= ——e (22-7) 


where: Vc is the capacitor voltage, in volts (V) 
i is the current, in amperes (A) 
V is the initial capacitor voltage at the beginning of 
discharge, in volts (V) 
R is the circuit resistance, in ohms (Q)) 
t is the time after discharge begins, in seconds (s) 
+t = RC is the time constant, in seconds (s) 


The negative sign in Eq. 22-7 indicates discharging cur- 
rent with a direction opposite to that of the charging cur- 
rent. (This corresponds to the reversal of induced voltage 
across an inductor when current through the inductor is 
decreasing. ) 

Note that the V in Eqs. 22-6 and 22-7 is not necessarily 
the source of voltage in the circuit. That is, the capacitor 
may have charged to some value of voltage Jess than V 
when it is suddenly made to discharge, as shown in Ex- 
ample 22-8. 





(b) Capacitor voltage variation with time 


FIGURE 22-11 

A series RC circuit with dc 
voltage being removed, showing 
current and capacitor voltage 
responses wtih exponential 
equations. 
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EXAMPLE 22-8 


Refer to the circuit shown in Fig. 22-12. Assume that the 

capacitor is initially discharged, and that the switch is 

thrown to position 1, remains there for 3.5 s, then is re- 

turned to position 2. Calculate, and compare (where pos- 

sible) with the graphical results shown in Example 22-7: 

a. The capacitor voltage 3.5 s after the switch is thrown 
to position 1. 

b. The capacitor current at this instant. 

c. The time required for the capacitor to discharge to 
24 V after the switch is returned to position 2. 

d. The capacitor current at this instant. 


Solution 


(Refer to Example 19-6 for the evaluation of exponential 
quantities and natural logs, using a scientific calculator.) 
a. Charging time constant 


tT = RAC 
= 220 x 10° x 10 x 10 °F = 2.25 


(22-3) 


vo = V(1-— e 7) 
= 60 V(1 — e7 358228) 
= 60 V(1 — e '°%') 
= 60 V(1 — 0.204) 
= 60 V x 0.796 = 47.8 V 


(22-4) 


This compares favorably with 48 V using the graphi- 
cal method. (See the solution to Example 22-7A.) 


b. ic = pet (22-5) 
60 V —3.5 s/2.2 s 
ce eee ees 5 s/2. 
220 x 10°02” ° 

= 0.273 mA x e159" 

= 0.273 mA X 0.204 = 0.056 mA 
c. Discharging time constant 

to = (R, + R>) C (22-3) 





Ry 
220 kL 






Cc 
10 uF 


FIGURE 22-12 
Circuit for Example 22-8. 


CAPACITANCE IN DC CIRCUITS 


(220 x 10° + 270 x 10°) x 10 x 10°°F 





=49s5s 
Uc = Vinita X @ 7°"? (22-6) 
24V = 478V xe 498s 
24 V 
—t/4.9 s = = Py) 
. oY ai 


Take the natural log of both sides: 


—t/4.9 s 


Ine = In 0.502 


— 0.689 


Therefore, t = 4.9s x 0.689 = 3.38 s 
This compares favorably with 3.43 s using the graph- 
ical method. (See the solution of Example 22-7B.) 


d. ig = — Vinita g-thep (22-7) 


R 
_ 47.8 V 
~~ (220 + 270) x 10° 
—0.098 mA x 0.502 = —0.049 mA 
The negative sign indicates a discharging current. 


x @— 3.98 s/4.9 s 


Note again that Eq. 19-4 could have been used directly 
in place of Eqs. 22-4 through 22-7, simply by knowing 
the initial and final values of each response and the time 
constant involved. 


22-7 OSCILLOSCOPE MEASUREMENT 
OF CAPACITANCE 


Although it is possible to observe the charging and dis- 
charging of a capacitor on an oscilloscope when using a 
mechanical switching circuit, this is only practical for rel- 
atively large time constants. With small time constants, 
repetitive switching at a sufficiently high frequency can be 
done only by connecting the output of a square wave sig- 
nal generator to the capacitive circuit. The frequency of 
the signal is adjusted until the capacitor voltage waveform 
shows that a steady state has been reached, as shown in 
Fig. 22-13. To achieve such a steady state, the half-period 
of the square wave must be equal to, or greater than, five 
time constants (7/2 = 5 RC). 

With the oscilloscope connected across the capacitor, 
the time required to reach 63% of the final voltage is the 
time constant (T). (See Fig. 22-13c.) If the total resistance 
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V 
YN 
: ee 
O 
(5) Input voltage from a square 
; wave signal generator 
@ 
V 
0.63 V -- 
O t 
T Sr 
(c) Capacitor voltage waveform 
UR 
(a) Square wave generator connected 
to a capacitive circuit V 
0.37 V 
t 
“ 
-V 


(d) Resistor voltage waveform 


FIGURE 22-13 
Voltage waveforms in a capactive circuit with a square wave signal generator. 


of the circuit is known, the capacitance can be obtained, c. The maximum frequency allowable for the signal 
as demonstrated in Example 22-9. generator. 
With the oscilloscope connected across the resistor (in- 


terchanging R and C to avoid common ground problems), Solution 
the time constant is obtained by observing the time re- 
quired for vp to fall to 37% of its initial value. (See Fig. a. 63% of 5cm = 0.63 x S5cm 
22-13d.) This method is particularly useful if the circuit’s = 3.15 cm (vertical distance) 
capacitance is not clearly defined. That is, stray capaci- The horizontal distance of 1.5 cm is thus proportional 
tance in the circuit (due to the method of wiring or other to the time constant: 
causes) may make it impossible to connect the oscilloscope = 4 ham «K Orsien 
across the capacitance itself. (See Problem 22-18.) = 9 we 
b. t= RC (22-3) 

EXAMPLE 22-9 Therefore, C = 5 

An oscilloscope is connected across a capacitor as in _ 3x 107" s 

Fig. 22-13a. The display reaches a final vertical value of 4.7 x 10° 0 

5 cm. It requires a horizontal distance of 1.5 cm for the = 0.64 x 10°° F = 0.64 wF 

capacitor voltage display to reach 3.15 cm. If the oscil- 6. T ~5RC 

loscope horizontal calibration is 2 ms/cm, determine: _ 2 

a. The time constant of the circuit. | Therefore, Tin = 10 RC 


I 


b. The capacitance if R = 4.7 kQ. 10 x 3ms = 30 ms 
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(14-9a) 





22-8 SHORT TIME-CONSTANT 
DIFFERENTIATING CIRCUIT* 


The circuit shown in Figure 22-14a has a very small time 
constant, compared with the period of applied voltage 
(e.g., SRC < 7/10). This means that the capacitor charges 
very rapidly, producing a waveform that is very similar to 
the input voltage waveform. (Compare Figs. 22-14b and 


22-14c.) 
You know that the current in the circuit is given by 
Avc 
= C—— 22-1 
lc At ( ) 


*This section may be omitted with no loss of continuity. 





(a) Differentiating RC circuit 


=/V 


FIGURE 22-14 
Voltage waveforms in a differentiating circuit. 







CAPACITANCE IN DC CIRCUITS 


A 
and ve = iR = RC=S . But since vc = v (the input volt- 
age), 
(22-4) 


Thus the resistor voltage (vg) is proportional to the slope 
Av 
At ° 

The mathematical process of finding the slope of a 
curve is called differentiation. The term 7 iS an approxi- 


of the input voltage 


mation to the derivative o. which is found by differen- 


tiating a mathematical equation, so vz is said to be the 
output of a differentiating circuit. 

Thus, the resistor voltage gives a sharp, narrow positive 
pulse when the leading edge of the input voltage goes pos- 
itive, due to the very steep slope of the input waveform at 
this instant. 

The resistor voltage then drops to zero, corresponding 
to the zero slope of the input voltage. A sharp negative 
pulse is then produced at the trailing edge of the input 





Zero slope 






Large positive 
slope 






Large negative 
Slope 


(6) Input voltage from a square wave 
signal generator 


(c) Capacitor voltage waveform 


(d) Resistor voltage waveform is proportional to the slope 


of the input voltage waveform. 


LONG TIME-CONSTANT CIRCUITS 


voltage, showing the negative slope of the input wave- 
form. These fast-rising and fast-falling voltage pulses are 
useful in digital logic circuits, where they are used for trig- 
gering purposes. 


22-9 LONG TIME-CONSTANT 
CIRCUITS 


The circuit in Fig. 22-15a shows an application in which 
a very long time constant is desirable. When the switch is 
open, the diode produces a half-wave-rectified voltage 
variation across the load, as shown in Fig. 22-15). Al- 
though this is a direct current output, it is not very smooth 
because it contains a large ac ripple voltage. 

When the switch is closed, the capacitor is placed in 
parallel with the load. Now the capacitor can charge to the 
peak voltage (V,,) when the input voltage increases. But 
when the input voltage decreases, the capacitor discharges 
through the load (following the curve shown in Fig. 22- 
8), attempting to keep the voltage near V,,. The basic ca- 
pacitor property of opposing any change in voltage is 
being used to smooth the load voltage. The larger the time 
constant (R;C), the higher will be the average output load 








URL 
Von 
Diode 
0 
(a) Capacitor filters voltage fluctuations 
when the switch is closed. 

UR, 

Ves 

0 
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voltage, as shown in Fig. 22-15c. The energy delivered to 
the load during the discharge period is replaced during the 
very short charging period, when the input voltage again 
nears V,,. Note that the ac ripple voltage content is very 
small, due to the action of the capacitor. 





EXAMPLE 22-10 


A 1000-uF capacitor is used to provide filtering for a 

100-2 load, as in Fig. 22-15a, with a peak voltage input 

of 9 V and a frequency of 60 Hz. Assuming that the ca- 

pacitor discharges for a full period of the input waveform, 

calculate: 

a. The lowest value of load voltage. 

b. The peak-to-peak ripple voltage across the load as 
indicated in Fig. 22-15c. 

c. The effect on load and ripple voltage of using a 
2000-.F capacitor. 


Solution 


a. t=ARAC 
= 1009 x 1000 x 10° °F 


(22-3) 


(6) Load voltage with capacitor out 
of the circuit. 


Larger time constant 
b = _ ==. 






(c) Load voltage with capacitor filtering, for two 
different time constants. 


FIGURE 22-15 
Use of a capacitor to filter voltage fluctuations. 





AGE 





=0.1Ss 
T= ; (14-9) 
Therefore, discharge time (approximately equal to 7) 
is given by 
1 
= Sa 
60 Hz 
= 16.6 ms 
16.6 ms 
= ee 0.166 7 


From curve (b) in Fig. 22-8, when t = 0.17 7, 


85% of Vinitial 
= 085 x9V 
= 7.65 V 


Uc 


b. Peak-to-peak ripple voltage = V,p» 


7 UCmax ~ VC min 
=9V-7.65V 
= 1.35 V 


c. WhencC = 2000 pF, 7 = 0.2 s andt = 0.083 7 
ve = 92% of Vinitial = 8.28 V 
and Vipp= 0.72 V 


Example 22-10 shows that use of a larger capacitor re- 
duces ripple voltage. 


22-9.1 RC Delay Circuits 


An RC circuit with a long time constant can be used to 
introduce a delay, as in the timing circuit shown in Fig. 
22-16. 

The neon lamp in this circuit acts as an open until a 
firing voltage of between 60 and 80 V is reached. The 
voltage across the capacitor charges toward 100 V at a rate 


SUMMARY 
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2.5 MO 


Neon 


C 
0.1 uF lamp 


FIGURE 22-16 
RC relaxation oscillator timing circuit. 


determined by the time constant (R; + R.,)C. But when 
the firing voltage of the neon lamp is reached, the capaci- 
tor discharges through the lamp, lighting it briefly. Be- 
cause of the low resistance of the conducting lamp, the 
capacitor voltage drops quickly and the lamp goes out. 
Since the lamp is once again an open circuit, the capacitor 
recharges. This provides a controlled delay before the 
lamp fires again. The rate of flashing for the lamp can be 
varied by adjusting R,. (See Problem 22-20.) 

The delay introduced by the capacitor in the circuit 
shown in Fig. 22-16 illustrates a useful principle. For ex- 
ample, if the operation of a dc relay must be delayed fol- 
lowing application of voltage to the coil, the delay can be 
achieved by connecting a capacitor across the coil. For 
longer delays, a resistor in series with the parallel-con- 
nected coil and capacitor can be used. This arrangement 
will affect the final voltage applied to the coil, however. 
(See Problem 22-22.) 

Finally, the voltage across the capacitor in an RC circuit 
with a medium or long time constant is proportional to the 
integral of the input voltage. Since it ‘‘sums up’’ or ‘‘av- 
erages out’’ the input voltage, such a circuit is referred to 
as an integrating circuit. See Appendix K for an applica- 
tion of an integrating circuit that displays a B-H hysteresis 
curve on an oscilloscope. 


1. Capacitor current flows only when the voltage across the capacitor changes, as 


given by the equation: 


2. The initial charging current of a capacitor is determined only by the applied volt- 


age and series resistance, as given by: 


SELF-EXAMINATION 


V 
linitial = > 
R 
3. The gradual rise of capacitor voltage during charging is determined by the time 
constant: 
t= RC 
4. The time constant is the length of time needed for the capacitor voltage to rise to 
63% of its final steady-state value, or for the charging current to fall to 37% of its 
initial value. 
5. After five time constants, the transient response is essentially complete, and the 
capacitor is considered fully charged or discharged. 
6. The initial rate of change of capacitor voltage, during charging or discharging, is 
given by 
Avc _ V 
At RC 
7. If a capacitor continued to charge (or discharge) at its initial rate of change, the 
capacitor voltage and current would reach steady-state values in one time constant. 
8. A quick check of a capacitor can be made with an ohmmeter by watching for an 
initial deflection toward zero followed by a gradual charging effect toward infinity. 
9. The high discharge current from a capacitor is used to provide a brief, very bright 
light in an electronic photoflash unit. 

10. Universal time-constant curves can be used to graphically determine instantaneous 
capacitor voltage and current with time given in terms of time constants. 

11. Exponential equations, used to algebraically determine the values of capacitor 
voltage and current at any instant, may be obtained from: 

Instantaneous value = Final + (Initial — Final) e 

12. An oscilloscope and square-wave signal generator can be used to measure a Cir- 
cuit’s time constant, and thus, its capacitance. 

13. Ifa series RC circuit has a short time constant (SRC < 7/10), the voltage wave- 
form across the resistor is an approximation to the derivative or the slope of the 
input voltage, and the circuit is called a differentiating circuit. 

14. Long time-constant circuits are used to provide filtering in dc power supplies and 
to provide a delay in timing and relay circuits. 

SELF-EXAMINATION 


Answer T or F or a, b, c, d, or e for multiple choice 
(Answers at back of book) 
22-1. When a dc voltage is applied to a capacitor, the voltage across the capacitor 


cannot change instantaneously. 


22-2. Capacitor current can only flow if the voltage across the capacitor is changing. 


22-3. Capacitor charging current has its greatest rate of change at one time constant. 


22-4. A larger capacitor has a higher initial charging current when a dc voltage is 


applied than a smaller capacitor. 
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22-5. 


22-6. 


22-7. 


22.8 


22-11. 
22-12. 


22-13. 


22-14. 


If a capacitor voltage increased from 25 to 50 V in 5 ms, the rate of change of 


voltage is 

a. 5 V/s 

b. 5 kV/s 

c. 5S mV/s 
d. 125 mV/s 


e. none of the above 
Given the rate of change in Question 22-5, what capacitor current will a ca- 


pacitance of 10 wF cause? 


a. SmA 
b. SOA 
c. SOmA 
d. 1.25A 
e. SpA 


If 10-V dc is applied to a series combination of a 2-k©) resistor and a 5-wF 
capacitor, the initial charging current is 


a. 20mA 
b. 0.2 mA 
c. 10 mA 
d. SpA 
e. SmA 
A series circuit of 2.2-MQ, resistance and 0.1-wF capacitance has a time con- 
stant of 

a. 0.225 
b. 0.22 ms 
¢ 0,22 ps 
d. 22s 

e. 22 ms 


Checking a capacitor with an ohmmeter determines only whether the capacitor 
is good or bad, not the actual capacitance. 

A 0.1-wF capacitor, initially charged to 20 V, is discharged through a 10-kQ 
resistor. After 1 ms the capacitor voltage is 


a. 6.3 V 

b. 3.7 V 

c. 7.4 V 

d. 12.6 V 

e. none of the above 


The charge and discharge times of a capacitor are always equal. 

The universal time constant curves of Fig. 22-8 can be used either for the 
charging or discharging of a capacitor. 

A capacitor’s voltage after discharging for five time constants is exactly zero. 


If a series RC circuit with R = 20 kQ shows a time constant on an oscilloscope 
of 50 ms, the circuit capacitance is 


a. 20 WF 
b. 40 pF 
c, 20 pF 
d. 2.9 £P 
e. 2.5 pF 


CAPACITANCE IN DC CIRCUITS 


REVIEW QUESTIONS 


22-15. The output of a differentiating circuit is taken across the resistor in a series RC 


circuit. 


22-16. When a capacitor is used in a filter circuit, a higher load contributes to a longer 


time constant and therefore a smoother output voltage. 


22-17. A larger capacitor used across the coil of a relay will increase the delay in the 


operation of the relay. 


REVIEW QUESTIONS 


10. 


11. 


12. 


Which two equations can you cite to show that capacitors and inductors have 

opposite effects as far as voltage and current are concerned? 

At 

b. What effect does it have on the capacitor current? 

Explain in your own words why the capacitor voltage increases gradually (and not 

instantaneously) in a series RC circuit with direct current applied. 

Give two definitions of a time constant as applied to a series RC circuit. 

Why is the rate of rise of the capacitor voltage highest when direct current is first 

applied to a series RC circuit? 

a. Why doesn’t it take longer (for a given RC circuit) to charge to a final steady- 
state value of 20 V than it does for a final value of 10 V? 

b. What makes this possible? 

Describe the effect on an ohmmeter of checking: 

A shorted capacitor. 

An open capacitor. 

A very small capacitor on a very low range. 

A very large capacitor on a medium range. 

If the capacitor in a photoflash unit charges to the applied voltage, why not 

use the voltage source (battery) to light the flash lamp directly? 

b. What other advantages does the use of a capacitor provide? 

c. If you had the choice of increasing the lamp brightness by increasing the size 
of the capacitor or the applied voltage, which would be more effective and 
why? 

Describe how you would measure the capacitance in a series RC circuit using a 

square wave generator and an oscilloscope connected across: 

a. The capacitor. 

b. The resistor. 

If a sinusoidal voltage is applied to a differentiating circuit, draw the output wave- 

form, in proper time relationship with the input waveform. 

a. What is the result of a long time constant in a capacitor filtering circuit? 

b. How would you expect the peak-to-peak ripple output voltage to change as 
the load resistance is increased? 

Draw the capacitor voltage waveform for the neon lamp oscillating circuit in Fig. 

22-16. Indicate when the lamp is on and off. What will happen to the flashing 

frequency if Rz is increased? 


a. How would you interpret a negative 


PS! SS 
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PROBLEMS 


(Answers to odd-numbered problems at back of book) 

22-1. The voltage across a 0.2-wF capacitor is increased uniformly from 50 to 100 
V in 10 ms. Calculate: | 
a. The rate of change of the capacitor voltage. 
b. The capacitor current. 
c. The increase in stored charge. 

22-2. The voltage across a 1500-pF capacitor is decreased uniformly from 60 to 20 
V in 100 ws. Calculate: 
a. The rate of change of the capacitor voltage. 
b. The capacitor current. 
c. The decrease in stored charge. 

22-3. The voltage across a 15-wF capacitor increases uniformly from 3 to 15 V in 4 
ms, remains constant for 6 ms, and then decreases uniformly to zero in 6 ms. 
Draw the waveforms of the capacitor voltage and current showing all values. 

22-4. The voltage across a 200-pF capacitor varies as shown in Fig. 22-17. Draw 
the waveform of capacitor current. 


Capacitor voltage 


40 V 


FIGURE 22-17 ~A0\V 
Capacitor voltage waveform for Problem 22-4. 


22-5. <A 6-V battery is connected in series with a 22-kQ resistor and a 0.15-F 
capacitor. Calculate: 
a. The initial rate of increase of the capacitor voltage. 
b. The initial charging current. 
c. The final capacitor voltage. 
22-6. When a 20-V dc supply is connected to a series RC circuit, the initial rate of 
rise of the capacitor voltage is determined to be 500 V/s. Calculate: 
a. The time constant of the circuit. 
b. The time for the capacitor to reach its steady-state value if it continues to 
charge at the initial rate of rise. 
c. The approximate time required for the capacitor to charge to 20 V. 
22-7. A 250,000-wF capacitor and a 100-0 resistor are series-connected across a 5- 
V dc supply. Calculate: 
a. The time constant of the circuit. 
The initial rate of rise of the capacitor voltage. 
The capacitor voltage after one time constant. 
The approximate time required for the capacitor to charge to 5 V. 
The initial charging current. 


oA0c 


PROBLEMS 449 


22-8. 


22-9. 


22-10. 


22-11. 
22-12. 


22-13. 


22-14. 


22-15. 


22-16. 
22-17. 


22-18. 


It is required that the initial charging current in a series RC circuit be limited 

to 50 mA when a 200-V dc supply is connected. It is also required that the 

charging transient be complete in 100 ms. Determine: 

a. The resistance of the circuit. 

b. The capacitance of the circuit. 

c. The charging current after one time constant. 

d. The capacitor voltage after one time constant. 

After a 40-wF capacitor was fully charged to 450 V, a 2.2-MQ) resistor was 

connected across the capacitor. Calculate: 

a. The initial discharge current. 

b. The current after one time constant. 

c. The capacitor voltage after one time constant. 

d. The time to completely discharge the capacitor. 

A 500,000-wF capacitor is charged to 6 V. Calculate: 

a. The resistance load that will fully discharge the capacitor in one minute. 

b. The initial discharge current. 

c. The capacitor current after one time constant. 

d. The capacitor voltage after one time constant. 

e. The initial rate of decrease of capacitor voltage upon discharge. 

Repeat Example 22-6 assuming that C = 300 wF and V = 400 V. 

Consider the circuit of Fig. 22-7. Determine: 

The voltage necessary if a 1000-wF capacitor is to store 30 J of energy. 

The value of R, if the initial charging current is to be limited to 100 mA. 

The time required for the capacitor to fully charge. 

The discharge time if R, = 5 Q. 

The peak discharging current. 

The average power dissipated in R>. 

Repeat Example 22-7 with R; = 150 kQ, R, = 68 kQO, C = 40 pF, and V 

= 80 V. 

Refer to Fig. 22-9. After the switch has been left in position 1 for more than 

five time constants, it is thrown to position 2. Determine, using Fig. 22-8, 

a. How long it takes for the capacitor voltage to drop to 30 V. 

b. What time is required for the voltage to increase to 45 V if the switch is 
then returned to position 1. 

Refer to the circuit of Fig. 22-9a. R,; = 4.7 kQ, R, = 3.3 kQ, C = 0.15 

wF, and V = 150 V. The capacitor is initially uncharged. Calculate: 

a. The capacitor voltage 1.5 ms after the switch is thrown to position 1. 

b. The capacitor current at this instant. 

c. The time required for the capacitor to discharge to 20 V if the switch is 
returned to position 2 after being in position 1 for 1.5 ms. 

d. The capacitor current at this instant. 

Repeat Problem 22-15 with C = 0.3 wF. 

An oscilloscope is connected across a capacitor as in Fig. 22-13a. The oscil- 

loscope display reaches a final value of 6 cm. It requires a horizontal distance 

of 1.2 cm for the capacitor voltage display to reach 3.8 cm. If the oscilloscope 

time axis has a calibration of 100 ws/cm, determine: 

a. The time constant of the circuit. 

b. The capacitance if R = 1001. 

c. The maximum permitted frequency of the signal generator. 

A series RC circuit of unknown resistance and capacitance has a square wave 


monogep 
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22-19. 


22-20. 


22-21. 
22-22. 


22-23. 
22-24. 
22-25. 
22-26. 
22-27. 


FIGURE 22-18 
Circuit and waveform for Problems 22-27 and 22-28. 


22-28. 
22-29. 


signal generator of 10-V amplitude applied to it. A 10-Q resistor is connected 

in series with the generator, and an oscilloscope across the resistor displays a 

peak value of 50 mV. The waveform drops to 18.5 mV in a horizontal distance 

of 2.2 cm. If the time axis of the oscilloscope has a calibration of 5 ws/cm, 

calculate: 

a. The peak capacitor current. 

b. The resistance of the original circuit. 

c. The time constant of the circuit. 

d. The capacitance of the circuit. 

A differentiating circuit consists of a 10-Q resistor in series with a 0.15-pF 

capacitor. Determine: 

a. The maximum frequency up to which this circuit should operate satisfac- 

torily. 

b. The approximate slope of the input square wave voltage if the peak resistor 
voltage is 0.5 V. 

Refer to Fig. 22-16. Assuming that it requires one time constant for the capac- 

itor to charge to the firing voltage of the neon lamp, and the discharge of the 

capacitor takes only one-tenth of this time, determine the maximum and mini- 

mum flashing rate possible with the given circuit. 

Repeat Example 22-10 for a load resistance of 1 kQ. 

A 100-, 12-V dc relay will operate satisfactorily at 10 V. It is required to 

delay the operation of the relay by 10 ms when the voltage is applied by 

connecting a 20-© resistor in series with the relay and a capacitor in parallel 

with the relay. Determine the necessary size of capacitor. (Hint: With the 

capacitor removed, obtain the Thévenin equivalent circuit [as seen by the ca- 

pacitor] for the 12-V source in series with the 20-Q resistor and 100-0 relay 

coil.) 

Solve Problem 22-13 using exponential equations. 

Solve Problem 22-14 using exponential equations. 

Solve Problem 22-15 using exponential equations. 

Repeat Problem 22-15 with C = 0.3 »F using exponential equations. 

Given the circuit in Fig. 22-18 and a 10-V peak square wave input applied as 

shown, with a frequency of 500 Hz. Calculate: 

a. The capacitor voltage at the end of 2.5 periods. 

b. The capacitor current at the end of 2.5 periods. 

Sketch the waveforms, indicating starting and ending values at each half-pe- 

riod. 





Repeat Problem 22-27, using f = 1 kHz. 

Study the circuit in Fig. 22-19, considering both capacitors initially uncharged. 
If the switch is thrown to position 2, then after 3 s returned to position 1, 
calculate: 
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10 kQ (2) © 5 kQ 


FIGURE 22-19 Cc, 100 pF 
Circuit for Problems 22-29 and 22-30. 


a. The initial capacitor current when the switch reaches position 2. 
The voltage that C, charges to with the switch in position 2. 

c. The capacitor current at the instant just before the switch is returned to 
position 1. 
The charge stored on C, while the switch was in position 2. 

e. The initial discharge current of C, when the switch is returned to posi- 
tion 1. 

f. The discharging time constant. 

g. The final voltage of both capacitors. (Hint: The initial charge on C, must 
equal the sum of the final charges on C, and C3.) 

22-30. Repeat Problem 22-29 with C; = 50 wF and C, = 100 pF. 
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CAPACITANCE 
IN AC CIRCUITS 





In this chapter, you will consider the current and voltage 
relationships of a capacitor in a sinusoidal ac circuit. Because the 
voltage changes continuously, there is some rms capacitor current 
at all times. The ratio of capacitor voltage to current is called 
capacitive reactance (X-) and is the opposition in ohms provided 
by the capacitor. The reactance is inversely proportional to both 
the frequency and the capacitance. Thus, for direct current, the 
capacitor is an open circuit. This allows it to be used to “block” 
direct current but “pass” alternating current. 


The series and parallel connections of capacitive reactances 
can be treated in a way similar to resistances and inductances. 
But (as in dc circuits) it is found that a higher voltage occurs 
across the smaller capacitor in a series circuit. 


Finally, the dissipation factor (D) of a capacitor will be defined. 
This is an indication of the total losses that take place ina 
capacitor at a given frequency, and includes the O/electric 
hysteresis effect produced by the alternating electric field. 
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23-1 EFFECT OF A CAPACITOR IN AN 
AC CIRCUIT 


When a capacitor is connected across a sinusoidally vary- 
ing voltage, it will show a pattern of continuous charging 
and discharging. Consequently, an ac ammeter connected 
in series with the capacitor will indicate an effective value 
of current. Even though it may appear that current is flow- 
ing through the capacitor, the charge is actually being 
transferred from one capacitor plate to the other, back and 
forth, through the ac supply. In this section, you will de- 
termine the relationship between the capacitor voltage and 
current, and the opposition to current that the capacitor 
provides. 


23-1.1 Phase Angle Relationship 
Between Voltage and Current 


Assume that a sinusoidal voltage is applied to a capacitor, 
as in Fig. 23-1. The voltage waveform is given by 


v = V,, sin wt 


You can deduce the waveform of the resulting current by 


using the relationship 
-=¢ Av 
i= —— 
At 


Note, in Fig. 23-1), that at instants 2 and 4 of the volt- 


(22-1) 


Ay. 
age waveform, the slope re is zero. Hence, the current at 
these instants must also be zero. At instants 1 and 5 the 


Av 
voltage curve has its maximum positive slope ve SO 


the current must be at its positive peak (J/,,). Similarly, 
when the voltage is decreasing at its maximum rate (at 
instant 3), the capacitor current must have its maximum 
negative value (—I,,). 

The manner in which the current varies between these 
instants can be shown to follow a cosine curve given by 


1 = I,, COS ot 


The waveform of the current is of the same general 
shape (and frequency) as the sine curve of voltage, but is 
displaced one-quarter-cycle to the left. Note that the cur- 
rent waveform reaches its peak value one-quarter of a cy- 
cle before the voltage waveform. Thus, you could say 
that the current in a capacitor leads the voltage across 
the capacitor by 90° (assuming that the capacitor itself 
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zero slope 


eae tet 
Max positive i 


(b) Wavetorms of current and voltage 


FIGURE 23-1 
Effect of a capacitor in an ac circuit. 


has negligible series resistance, which is usually the 
case). This leading angle is referred to as the phase angle, 
because it shows by what angle the current and voltage 
waveforms are out of phase. 

It is easy to remember that the current leads the voltage 
if you recall what happens in a capacitive dc circuit. When 
the voltage is first applied, the maximum charging current 
flows immediately (and gradually decreases to zero), while 
the capacitor voltage builds up gradually to maximum 
from a zero beginning. 


23-2 CAPACITIVE REACTANCE 


Since both the current and voltage waveforms in Fig. 23- 
1b are sinusoidal, you can obtain their rms values: 


V 
V oe 15-17 
4/2 ( ) 
I 
Jj=— 15-16 
and V3 ( ) 


These are the values of the voltmeter and ammeter read- 


V 
ings in Fig. 23-la. The ratio of these two (*) is called 
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the opposition to current, or capacitive reactance (Xc). 
That is: 


ohms (23-1) 


where: Xc¢ is the capacitive reactance, in ohms (Q) 
Vc is the voltage across the pure capacitance, in 
volts (V) 
Ic is the capacitor current, in amperes (A) 


EXAMPLE 23-1 


A sinusoidal voltage of peak-to-peak value 100 V is con- 
nected across a capacitor, as shown in Fig. 23-2. A se- 
ries-connected ac milliammeter indicates 50 mA. What is 
the opposition to the current caused by the capacitor? 


Solution 


(15-19) 


Xo = = (23-1) 


EXAMPLE 23-2 


What is the capacitor current when a 120-V, 60-Hz 
source is applied to a capacitor whose reactance is 200 





FIGURE 23-2 


Circuit for Example 23-1, showing how X¢_ = 


ales 
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Solution 


lo — (23-1) 


EXAMPLE 23-3 


What peak voltage occurs across a capacitor of react- 
ance 2 kQ. when the capacitor current is 25 mA? 


Solution 
Vo = IcXe (23-1) 
= 25x 10 °Ax2x 10°O 
= 50 V 
Peak capacitor voltage, V,, = V2 X Vo (15-18) 
= V2 x 50V 
= 70.7 V 


23-3 FACTORS AFFECTING 
CAPACITIVE REACTANCE 


The capacitor current depends upon the capacitance and 
the rate of change of capacitor voltage, as given by 


Av 
ic = o( 2) 


For a given supply voltage and frequency, if the capac- 
itance (C) is increased, a larger current must flow. This 
means a decrease in capacitive reactance, so Xc is in- 
versely proportional to C. 

Now, consider an increase in the frequency (/f) of the 
capacitor supply voltage. This means that the voltage 
across the capacitor must reach its maximum value in a 
shorter time (reduced period T). This leads to an increase 


(29-1) 


: , Avc ; 
in the maximum —— and an increase in the peak current 


At 
(,,). Once again, a reduction in X¢ results, so X¢ is in- 
versely proportional to the frequency ( f) as well as to C. 
Combining these two effects and using the angular fre- 
quency (w = 27), you obtain: 


1 


, 23-2 
‘ 2nfC = wC a) 


ohms 


FACTORS AFFECTING CAPACITIVE REACTANCE 


where: Xc is the capacitive reactance, in ohms ({)) 
f is the frequency, in hertz (Hz) 
C is the capacitance, in farads (F) 


w® is the angular frequency, in radians per second 
(rad/s) 


NOTE This equation is valid only for sinusoidal ac circuits. A 
full derivation of Xc¢ is given in Appendix L. 


EXAMPLE 23-4 


What capacitive reactance will a 0.5-wF capacitor have 
at the following frequencies? 


a. 60 Hz 
b. 1kHz 
Solution 
a Xo= oe 23-2 
C  QafC ( ) 
_ 1 
On Xx 60 Hz x 0.5 x 10° °F 
= 5305 QO 
1 
ee lr (23-2) 


, 
Qn X 1 xX 10° Hz x 0.5 x 10°°F 
318 0 


EXAMPLE 23-5 


A capacitor draws 1.5 A from a 120-V, 60-Hz supply. 
Calculate the capacitance. 





Solution 
Xo = (23-1) 
~ = = 800 
Xo = ae (23-2) 
oF os 


, 
- On X 60 Hz x 800 
= 33 x 10 °F = 33 pF 
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23-3.1 Comparison of Capacitance in 
DC and AC Circuits 


Equation 23-2 and Example 23-4 should make clear that 
the capacitive reactance decreases as the frequency in- 
creases. 

The graph in Fig. 23-3 shows that a capacitor ap- 
proaches a short circuit (very low reactance) at high fre- 
quencies; at ow frequencies, it approaches an open circuit. 
To put it another way, when f = 0, the capacitive react- 
ance is infinite. This means that in a dc circuit (f = 0), no 
current flows, except for a momentary transient current 
when the voltage is first applied. Thus, a capacitor is 
said to block direct current but allow the flow of 
alternating current. The circuits in Fig. 23-4 show 
this. 

In Fig. 23-4a, the reactance of the 50-F capacitor at 
60 Hz is only 53 Q. This is negligible compared with the 
576-Q resistance of the lamp; therefore, the rated lamp 
current of 0.21 A flows, and the lamp burns brightly. But 
if a capacitor smaller than 50-wF is used, the reactance 
will be higher and the current in the circuit will be smaller; 
the lamp will burn less brightly. (The combined opposi- 
tion to alternating current due to capacitance and resis- 
tance is called impedance. This is covered in Section 
24-6.) 

When a dc voltage is applied, as in Fig. 23-45, no 
steady current flows, regardless of the size of the capaci- 
tor. The lamp does not light at all. 





O 125 250 500 750 1000 
FIGURE 23-3 
Decrease of X- with increase in frequency f for a 
constant capacitance of 1.6 pF. 
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120 V 
60 Hz 





Fe O21 A ac 


(a) With alternating current the low 
reactance of the capacitor allows a 
current of 0.21 A. The lamp lights. 


23-3.2 Application as a Coupling 
Capacitor 


An ac amplifier makes use of the capacitor’s ability to 
block direct current and ‘‘pass’’ alternating current. When 
an amplified voltage is coupled from one stage of amplifi- 
cation to the next, a coupling capacitor may be used to 
block the direct current (from the biasing of the previous 
stage) and allow the ac component of signal voltage to be 
applied to the next stage. (See Fig. 23-5.) 

If the coupling capacitor’s reactance is small (compared 
with R), practically all of the ac input voltage appears 
across R for further amplification. 


23-3.3 Application of Capacitors in 
Tone Controls* 


An audio amplifier is usually designed to produce equal 
amplification of all frequencies over the nominal hearing 
range of 20 Hz to 20 kHz. This is called a flat response. 
However, the human ear is not equally responsive to all 
frequencies, especially when the volume of the sound is 
quite low. As a result, the low (bass) and high (treble) 
frequencies of music do not seem as loud as the mid-range 


*This section may be omitted with no loss of continuity. 








(6) With direct current, there is an 
effective open circuit and there 
is no current. The lamp does not light. 


al : 
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C =50 pF 


FIGURE 23-4 
Comparison of 
capacitance in ac and dc 
circuits. 


frequencies. Since these low and high frequencies (espe- 
cially the bass frequencies) add depth and fullness to the 
music, it would be convenient if they could be accentuated 
(further amplified) without increasing the overall volume. 
Tone controls provide selective amplification of various 
bands of frequencies. Figure 23-6 shows a three-position 
tone-control switch. In this circuit, the capacitor and resis- 
tor shown in Fig. 23-5 are interchanged. The circuit thus 
tends to allow the passage of low frequencies from V; to 
V,, but (depending on the size of the capacitor selected) 
shorts to ground, or attenuates, higher frequencies. 
Consider the operation of the circuit when the switch is 
placed in the ‘‘flat’’ position, connected to the 0.01-wF 
capacitor. (See Fig. 23-6.) A voltage divider action takes 
place between the 5-kQ, resistor and the 0.01-wF capaci- 
tor. When the capacitive reactance is larger in comparison 
to the resistance, the output voltage (V,) is practically 
equal to the input voltage (V;). And, as shown in Table 
23-1, for all frequencies from 100 Hz to almost 1000 Hz, 
Xc >> R. For higher frequencies, where Xc < R, then V, 
< V;. (The way in which this voltage division takes place 
is covered, in equation form, in a later chapter.) Basically, 
at low frequencies, the capacitor is an open circuit, so no 
voltage drop takes place across the resistor (V, ~ V;,). At 
higher frequencies, the low reactance of the capacitor 
causes a high-voltage drop across R (more current flows 
through the R and C combination), so V, is small. The 


FIGURE 23-5 

Blocking action of the 
Capacitor couples the ac 
component of the input 
voltage to R but not the 
dc component. 


output 
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Power 


Preamplifier amplifier 


5 kQ 







Normal 





V; = a Treble Vo 


0.05 uF 0.002 pF 













0.01 pF = 
FIGURE 23-6 
Three-position tone-control circuit. 


way in which the ratio of output voltage to input voltage 
(V,/V;) varies with frequency is shown in Fig. 23-7. 

When the switch is placed in the ‘“‘bass’’ position, the 
larger capacitor causes a shorting effect to occur at lower 
frequencies. As shown in Table 23-1, the capacitive react- 
ance is now 3.2 kQ) at only 1000 Hz, rather than 5000 Hz. 
Thus, as Fig. 23-7 shows, only the relatively low frequen- 
cies are ‘‘passed on’’ to the power amplifier; the higher 
frequencies are attenuated. Since the higher frequencies 
are de-emphasized, this has the effect of emphasizing the 
low (bass) frequencies. Actually, as can be seen in the 
graphs of Fig. 23-7, frequencies of 100 Hz and lower are 
amplified approximately equally by the next stage, no mat- 
ter what the position of the tone control. But when the 
control is in the bass position, the higher frequencies are 
attenuated, so the lower frequencies dominate. 

In the ‘‘treble’’ position, the small (0.002-wF) capaci- 
tor requires the frequency to be much higher before a 


TABLE 23-1 
Capacitive reactance and V,/V; ratio at various frequencies for each of the tone- 
control circuit capacitors in the circuit of Fig. 23-6 





Bass Flat 
0.05 pF 0.01 pF 
f, Hz ) mn <0) V/V; Cae) V/V; 
100 39 0.99 159 1.0 
500 6.4 0.79 31.8 0.99 
1,000 — 3.2 0.54 15.9 0.95 
5,000 = 064 0.13 3.2 0.54 
10,000 0.32 0.06 1.59 0.30 
20,000 0.16 0.03 0.79 0.16 
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Bass position, C = 0.05 pF 
Flat position, C = 0.01 pF 
Treble position, C = 0.002 pF 







xx 


05 





10 100 1 k 10 k 100 k 


FIGURE 23-7 
Frequency response curve for tone-control circuit of 


Fig. 23-6. 


shorting effect occurs. The high, or treble, frequencies will 
now be heard along with the low bass frequencies. (See 
Fig. 23-7.) Actually, with the switch set in the treble po- 
sition, no capacitor is needed—just an open circuit. How- 
ever, in some radios and other playback devices with small 
speakers that do not handle high frequencies very well, a 
small capacitance is usually introduced to reduce the ‘‘tin- 
niness’’ of the sound from the small speaker. 

An inexpensive tone control that provides continuous 
bass-to-treble control is shown in Fig. 23-8. When this 
control is moved upward to the bass position, the capacitor 
provides a shorting effect for the high frequencies (and 
thus, the effect of emphasizing the bass frequencies). In 
the treble position, the bypassing of high frequencies to 
ground is less effective than in the bass position. The high 
frequencies are thus amplified along with the bass frequen- 
cies. 

A tone-control circuit with separate controls for bass 


BB c=ye)(= 
0.002 wF 
Xo, kD 

790 1.0 

159 10 
79 0.99 
15.9 0.95 
7.9 0.84 
3.9 0.62 
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Amplifier 1 


Amplifier 2 







Bass 


> s Flat 


im MFT treble 
——$§$———————————<— 


FIGURE 23-8 
Continuous tone control. 


and treble is shown in Fig. 23-9. Emphasis is provided for 
low or high frequencies, independently of each other. The 
‘‘boosting’’ or ‘‘cutting’’ of these frequencies 1s accom- 
plished with reference to the flat response (0) position on 
the two controls. Figure 23-10 shows the frequency re- 
sponse curve for this circuit, in decibels, with 0 dB as the 
reference level. A change of 3 dB corresponds to a dou- 
bling of sound intensity, so a 9-dB change means that in- 
tensity is eight times the initial level. 

Note that, in Fig. 23-9, the output of amplifier 1 is 
fed through a 1-wF coupling capacitor to both the treble 
and bass controls. The outputs from these controls are 
‘‘mixed’’ at point M, fed to the volume control, and, ul- 
timately, to the power amplifier (amplifier 2). 

If the treble control is moved toward ‘‘boost,’’ the high 
frequencies can more easily pass directly through to point 
M, with less attenuation. If the control is moved toward 























_ Treble _ = Bass _ 
Amplifier 1, uF [ | | | 
| 
: | | 
0.002 12 kQ 
uF 
0.015 pF 
Boost | 59‘! |Boost 
(+) 
Input V; 5 kQ | 
i (-) i} (-) 
Cut Cut 
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‘‘cut,’’ the 50-k© resistor drops the high-frequency volt- 
age fed to M, causing more attenuation. 

Low- and mid-frequencies, which cannot pass through 
the 0.002-wF capacitor in the treble control, pass through 
the 12-kQ, resistor in the bass control. Mid-range frequen- 
cies pass through the 0.015-wF capacitor relatively unaf- 
fected. The low frequencies, however, can be boosted by 
the bass control being moved upward (+) or cut by the 
same control being moved downward (—). Again, a volt- 
age dividing action is used. 


23-4 SERIES CAPACITIVE 
REACTANCES 


When capacitors are series-connected, the total react- 
ance is 


Xcr = Xc, + Xc, + Xc3 + = © Xc, (23-3) 
The current for a given applied voltage can be obtained 


from 


V 


I= — (23-4) 
Xe, 


and the voltage across each capacitor from Vc = [X¢. 


NOTE When two or more capacitors are connected in series, 
the overall capacitance drops. However, this causes an overall 
increase in reactance (compared to one capacitor). This ex- 
plains why the total reactance is additive, as in Eq. 23-3. 


Volume 


8.2 kQ 
50 kQ | M | | Amplifier 2 
| 


FIGURE 23-9 
| Tone-control circuit with 
separate bass and treble 
= controls. 
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FIGURE 23-10 
Frequency response curve for tone-control circuit in 
Fig. 23-9. 









dB 
o) 











EXAMPLE 23-6 


Two capacitors of 8 and 4 wF are series-connected 
across a 120-V, 60-Hz supply as in Fig. 23-11. Calcu- 
late: 

a. The total capacitive reactance. 

b. The current drawn by the capacitors. 

c. The voltage across each capacitor. 


Solution 


1 


——s 23- 


a. Xe, = 


1 
- On X 60 Hz X 8 x 10 SF 
= 330 0 
1 


Xe. = OntC. 


(23-2) 


~ Qa xX 6OHz X 4x 10°F 
~ 660 0 

Xo. = Xe, + Xez 
~ 330 0 + 6600 ~ 9900 


(23-3) 


(23-4) 


(23-1) 


= 0.12A x 33092 ~40V 
= (Xe, (23-1) 
0.12A x 6600 ~ 80V 
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120 V, 
60 Hz 





FIGURE 23-11 
Circuit for Example 23-6. 


Note that the voltage divides in such a way that the 
highest voltage (80 V) appears across the smallest capaci- 
tor (4 wR), as is the case with dc voltages. 


23-5 PARALLEL CAPACITIVE 
REACTANCES 


When capacitors are connected in parallel, the overall in- 
crease in capacitance causes a decrease in reactance. 

Thus, similar to resistances in parallel, the total capa- 
citive reactance is given by 


a a re 
x 





(23-5) 


EXAMPLE 23-7 


Two capacitors of 8 and 4 wF are connected in parallel 
across a 120-V, 60-Hz supply as in Fig. 23-12. Calcu- 
late: 

a. The total capacitive reactance. 

b. The total current drawn from the supply. 


Solution 
a. From Example 23-6, Xc, = 330 0 
Xc, = 660 0 
Se ees (23-5) 

Xe, Xe, Xez 

Xo, X Xe 

Therefore, Xo. = —~———* 

“T Xe, + Xo, 


— 3302 x 6600 


= 3300 + 660Q 220% 


460 


Ip = 0.55 A 


120 V, 
60 Hz 





FIGURE 23-12 
Circuit for Example 23-7. 


b. Ir = y—- (23-4) 


23-6 DISSIPATION FACTOR OF A 
CAPACITOR 


You have learned that whenever a capacitor is charged by 
a dc source, the atoms of the dielectric become polarized 
in one direction. If alternating current is applied, the elec- 
trons of the dielectric are stressed—first in one direction, 
then in the other—due to the alternating electric field. This 
causes an energy loss in the dielectric in the form of heat. 
Since the effect is similar to the hysteresis loss in a mag- 
netic core, it is called dielectric hysteresis. 

Dielectric hysteresis can be represented in the equiva- 
lent circuit of a capacitor by connecting a resistor (an en- 
ergy-dissipating element) in parallel with the capacitance. 
(See Fig. 23-13.) 

Recall, however, that in Section 21-5.1, you considered 
a parallel resistance to represent the insulation resistance 
of a capacitor. The two resistance effects can be combined 
into a single resistance (R,), as shown in Fig. 23-13. The 
dielectric hysteresis effect can be thought of as an added 
ac phenomenon, similar to ac resistance in a coil arising 
from magnetic hysteresis, skin effects, and so on. 

Similar to the way in which you considered the quality 
(Q) or storage factor of a coil, you can obtain the dissi- 
pation factor (D) of a capacitor: 


_ 46.) __ 
R 2ufCR, 


P 


(23-6) 
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Represents insulation resistance leakage loss 


Represents the additional loss 
due to dielectric hysteresis 
when alternating current is applied 


—_.—_ 
R 


p 
FIGURE 23-13 

Ac equivalent circuit for a capacitor taking into 
account insulation resistance and dielectric 
hysteresis losses. 


where: D is the dissipation factor of the capacitor (dimen- 
sionless) | 
Xc is the capacitive reactance of the capacitor, in 
ohms (Q2) 
R, is the total parallel ac resistance of the capaci- 
tor, in ohms (Q) 

As the name suggests, D is an indication of how much 
power is dissipated in a capacitor at a given frequency. A 
perfect, lossless capacitor would thus have a D equal to 
zero. If the capacitor is used only with direct current ap- 
plied, of course, power dissipation would be due only to 
the relatively high insulation resistance (leakage current). 
Also, the additional power dissipated with alternating cur- 
rent applied depends upon the actual ac voltage across the 
capacitor. 

The D factors for nonelectrolytic capacitors are in the 
range of 0.0005 for polystyrene and 0.02 for ceramics at 
1 kHz. Electrolytic capacitors, however, may have D fac- 
tors ranging from 0.15 at 475 WVDC up to 0.75 at 6 
WVDC (specified for an ac component having a frequency 
of 60 Hz). It is especially important, when checking elec- 
trolytic capacitors, that the D factor be within allowable 
limits, since overheating can occur if there is any appre- 
ciable ac component of voltage across the capacitor. Elec- 
trolytic capacitors used in ac motor starting applications, 
for example, should be replaced if the dissipation factor 
exceeds 0.15 or 15%. 

Generally, losses in capacitors (unlike those in induc- 
tors) are so small that they can be ignored, except in spe- 
cial cases or if problems develop. 

Some capacitor-checking instruments show the power 
factor of the capacitor, rather than the dissipation factor. 
(For low-loss capacitors, these factors are approximately 
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equal.) In this case, corresponding acceptable values of the 
power factor range from 0.15 to 0.6 for the same working 
voltages mentioned above. (See Section 25-6 for a discus- 


sion of the power factor.) pacitor. 

SUMMARY 

1. When a sinusoidal voltage is applied across a capacitor, it causes a sinusoidal cur- 
rent that leads the voltage by 90°. 

2. The opposition to alternating current offered by a capacitor is called the capacitive 
reactance; for a sinusoidal waveform, it is given by: 

1 
Xc = = 
27fC 

3. Voltage across a capacitor in an ac circuit is given by Vo = [¢Xc. 

4. A capacitor blocks direct current but passes alternating current, permitting it to be 
used for coupling purposes in an ac amplifier. 

5. Tone-control circuits make use of the variable reactance of a capacitor at different 
frequencies to emphasize high- or low-frequency response. 

6. A series connection of capacitors gives an increase in overall capacitive reactance, 
similar to series-connected resistors, with the largest voltage occurring across the 
smallest capacitor. 

7. The equations for parallel-connected capacitive reactances are similar to those for 
parallel-connected resistors, with the largest current flowing in the branch with the 
highest capacitance. 

8. When a capacitor is used in an ac circuit, there is an additional loss called dielectric 
hysteresis. This loss is caused by the repeated reversal of the alternating electric 
field. 

SELF-EXAMINATION 


Answer T or F or a, b, c, d, or e for multiple choice 
(Answers at back of book) 
23-1. In a sinusoidal ac circuit, the capacitor current is a maximum when the capac- 


itor voltage passes through zero. 


23-2. The phase angle between the capacitor voltage and the current is always 90°, 


no matter what else is connected in series with the capacitor, when the applied 
voltage is sinusoidal. 


23-3. The only time the capacitor current is zero in a sinusoidal ac circuit is when 


the capacitor voltage is at its maximum values. 


23-4. Capacitive reactance is the ratio of the rms capacitor current to the rms capac- 


itor voltage. 


23-5. A 1-wF capacitor, at a frequency of 500 Hz, has a capacitive reactance of: 


a. 10000 
b. 10007 QO 
c. 1000/7 XQ 
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Finally, it should be mentioned that the reciprocal of D 
is the quality (Q) of the capacitor. Although this term is 
used primarily with coils, a high Q means a low-loss ca- 
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23-6. 


23-7. 


23-8. 


23-9. 


23-10. 


23-11. 


23-12. 
23-13. 
23-14. 


23-15. 


d. 3000 

e. any of the above 

If the capacitor in Question 23-5 is connected to a 10-V, 500-Hz source, the 
current is approximately: 


a. 1OmA 
b. 31.4 mA 
c. 3.14 mA 
d. O.314A 
e. 50mA 


If the frequency of the voltage applied to a capacitor is doubled, the current is 
reduced 50%, —____ 

If a very large capacitor is used in series with a lamp, the lamp will light no 
matter whether the applied voltage is alternating current or direct current. 


The use of a capacitor to couple alternating current from one stage to another 
in an amplifier depends upon the capacitor’s ability to block alternating current 
and pass direct current. 

When two equal capacitors are series-connected across a 120-V ac source, the 
voltage across each capacitor is 60 V. 

When two unequal capacitors are parallel-connected across a 120-V, 
60-Hz source, the smaller capacitor will have the smaller current. 


The same type of equation is used to combine series and parallel capacitive 
reactances as used for combining series and parallel capacitances. 
Dielectric hysteresis is an effect that is considered only in ac applications. 


The dissipation factor of a capacitor is a constant—independent of the fre- 
quency of operation. 

If the dissipation factor of a capacitor is excessive, overheating of the capacitor 
can occur if used with a significant alternating voltage. 


REVIEW QUESTIONS 


1. Ifa capacitor consists of an insulator between two metal plates, how is it possible 
for a series-connected ac ammeter to show a steady ac current? 

2. How does the phase angle between the capacitor current and voltage in an ac 
circuit differ from those for a purely inductive or purely resistive circuit? Why the 


difference? 
3. a. Why is it not correct to characterize capacitive reactance as the effective ac 
resistance of a capacitor? 
b. Why should an increase in capacitance or frequency increase current in a 
capacitive circuit if the voltage is unchanged? 
4. a. In what way can direct current be thought of as zero frequency alternating 
current as applied to a capacitor? | 
b. How much opposition does a capacitor offer to direct current? 
c. What are at least two practical applications of this result? 


5. Describe how you could use a voltmeter, ammeter, and ac voltage source of 
known frequency to measure the capacitance of a capacitor. 


CAPACITANCE IN AC CIRCUITS 


What do the tone controls described in this chapter rely on to provide variable 
frequency response? 


PROBLEMS 
6. a 
b. 


What simple reason can you give for the circuit in Fig. 23-9 providing an 


increase in both bass and treble, compared with one or the other in the circuit 
of Fig. 23-6? 


7. Why is the total capacitive reactance of capacitors in series given by the sum of 
the individual reactances? 

8. Why is there no mutual reactance between capacitors as there may be with induc- 
tors? 

9. Justify why series-connected capacitors cause the largest voltage to occur across 
the smallest capacitor. 


10. a. What do you understand by the term dielectric hysteresis? 

b. When is it a factor to take into account? 

c. What are typical dissipation factors for electrolytic capacitors? 

d. Why do you think electrolytics have higher D values than a paper capacitor? 
PROBLEMS 


(Answers to odd-numbered problems at back of book) 


23-1. 


23-2. 


23-3. 


23-4. 


23-5. 


23-6. 


23-7. 


23-8. 


23-9. 


23-10. 


What capacitive reactance does a capacitor have if an applied emf of 230 V 
causes a current of 0.4 A? 

A capacitor draws 20 mA when connected to a 10-V sinusoidal supply. What 
is its reactance? 

What is the voltage across a 0.1-\F capacitor when the current is 5 mA at 
400 Hz? 

If a capacitor’s current is 15 mA p-—p at a frequency of 1.5 kHz, what does a 
voltmeter indicate across the 0.015-wF capacitor? 

A 20-V p-p sinusoidal voltage at 50 Hz is connected across a capacitor. If a 
series-connected ammeter indicates 4 mA, calculate the capacitance. 

A capacitor and a 2.2-kQ resistor are series-connected across a 60-Hz supply. 
A voltmeter across the capacitor indicates 3.5 V when an oscilloscope across 
the resistor shows a peak value of 8 V. How much capacitance does the circuit 
have? 

A 6.3-V sinusoidal voltage is applied to a 0.5-wF capacitor. How much current 
flows at the following frequencies? 


a. 60 Hz 
b. 6 kHz 
c. 600 kHz 


The following voltage is applied to a 1500-pF capacitor: 
v = 50 sin 10,0007? volts 


Determine the equation of the current waveform. 

What is the maximum frequency that can be applied to a 4-wF capacitor if the 
capacitor current must not exceed 50 mA with an applied voltage of 24 V? 
What is the minimum frequency that can be applied with a 10-wA constant- 
current, sine wave signal generator to a 0.002-wF capacitor to limit the peak 
capacitor voltage to 5 V? 
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23-11. 


23-12. 


23-13. 


23-14. 


23-15. 


Three capacitors—0.1 wF, 0.15 pF, and 0.2 .F—are series-connected across 
a 24-V, 400-Hz supply. Calculate: 

a. The total capacitive reactance. 

b. The current drawn by the capacitors. 

c. The voltage across each capacitor. 

d. The total capacitance of the circuit. 

Three capacitors are connected in series across a 120-V, 60-Hz supply. The 
voltage across the first capacitor is 35 V; the capacitance of the second is 1.5 
uF; and the current through the third is 15 mA. Calculate the capacitance of 
the first and third capacitors. 

Three capacitors—0.1 wF, 0.15 wF, and 0.2 ~F—are parallel-connected across 
a 48-V, 60-Hz supply. Calculate: 

a. The total capacitive reactance. 

b. The current drawn by each capacitor. 

c. The total current drawn by the capacitors. 

d. The total capacitance of the circuit. 

Three capacitors are connected in parallel across a 240-V, 50-Hz supply, and 
draw a total current of 4 A. If the first capacitor is 20 wF, and the second 
capacitor has a current of 1.5 A, determine the capacitance of the second and 
third capacitors. 

A 40-pF electrolytic capacitor dissipates a power of 1 W when used in a filter 
circuit with an ac voltage of 10 V at a frequency of 120 Hz. Calculate: 

a. The effective parallel resistance R, that determines the capacitor’s losses. 
b. The dissipation factor of this capacitor at this frequency. 


CAPACITANCE IN AC CIRCUITS 





PHASORS IN 


LTERNATING 
URRENT 


CIRCUITS 





In this chapter, you will learn about the method of representing 
voltage and current waveforms using phasor notation. In this 


method, two phasors drawn at right angles to one another 
represent the phase angle relationships between current and 


voltage in pure L or C circuits. 


When resistance and inductance are connected in series, their 
individual voltages must be added taking into account their phase 
angles. This leads to the expression for the total opposition to 
current, called impedance (Z), where R and X, must be added 
using the square root of the sum of the squares of the individual 
oppositions. A similar expression may be used for a series RC 
circuit, except that the current /eads the applied voltage in a 
capacitive circuit. In an inductive circuit, the current /ags the 
applied voltage. 


In a series RLC circuit, a canceling effect occurs between the 
inductive and capacitive reactances, causing an overall reduction 
of the total impedance. If X, = Xo, the circuit displays a purely 
resistive property (a condition called resonance). 


REPRESENTATION OF A SINE WAVE BY A PHASOR 
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The paralle/ connection of R, L, and C is analyzed by obtaining 
the total current and obtaining the impedance by an application of 
“Ohm's law for an ac circuit” (Z = V/I). Finally, you will examine 
methods of measuring a circuit's phase angle between current and 
applied voltage. One method involves a Lissajous pattern on a 
single-beam oscilloscope; the other requires a dual-trace (dual- 


beam) oscilloscope. 


ee SES ae eine on ee Cen ee eee ere eee 


REPRESENTATION OF A SINE 
WAVE BY A PHASOR 


24-1 


A convenient way to represent each waveform, when 
showing the phase angle relationship between the current 
and voltage in an ac circuit, is to use a line with an arrow, 
called a vector or phasor.* The length of the line repre- 
sents the magnitude, while the direction of the line repre- 
sents the phase angle with respect to some reference. 

Consider the radius of a circle, initially in a horizontal 
position, then rotated counterclockwise through the full 
360°. If you consider the radius at various angles (for ex- 
ample, every 30°), and project lines horizontally for each 
angle, you can plot a graph of the vertical distance from 
the end of this line to the horizontal axis against the angle 
(using some suitable scale for the x-axis in degrees). The 
result is shown in Fig. 24-1. 


*A vector has both magnitude and direction, and is used to represent 
physical quantities, such as a force or velocity. A phasor also has mag- 
nitude and direction, but it represents a quantity that also varies in mag- 
nitude with time (such as an alternating voltage or current). 


Counterclockwise rotation sin @ 





210 2402 


It should be clear, from right-angle trigonometry, that 
the vertical distances plotted are proportional to the sine of 
each angle involved. (Recall that sin@ is the ratio of the 
opposite side to the hypotenuse in a right triangle. Since 
the hypotenuse in this case is always the same length—the 
radius of the circle—the opposite side is directly propor- 
tional to the sine of the angle 6.) Thus, the waveform pro- 
duced by connecting each of the plotted points is a sine 
wave, with an amplitude or peak value equal to the length 
of the phasor (the radius of the circle). If very small an- 
gles, such as every 5°, are used for the projection, a very 
accurate sine wave can be drawn. 

Therefore, you can use a horizontal line (phasor) to rep- 
resent a sinusoidal waveform. The phasor is always as- 
sumed to rotate counterclockwise, at a speed equal to the 
frequency of the waveform. Strictly speaking, the length 
of the phasor should be the peak value of the waveform, 
but you can choose the length to represent the rms value 
of any given quantity, since this is generally what is used 
and measured in ac circuits. 

Next, consider the waveform represented by a phasor 
drawn vertically upward and also assumed to rotate coun- 


FIGURE 24-1 
Showing how a sine 
wave can be 
constructed by using 
horizontal projections 
from a rotating radius 
vector. 
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Counterclockwise rotation 7 
Initial phasor 











30 6090\ 120 150 180 210 240 Angle @ 
, Pp oF ! in degrees 

PN FIGURE 24-2 

A Pen || aee ee Showing how a vertical 
ee phasor represents a 

cosine curve. 
terclockwise through a complete circle. Since the original sinusoidal and nonsinusoidal waves at any frequency. Pha- 
(reference) phasor is assumed to start at 0°, this second sor diagrams are easier to draw and interpret, however, 

waveform starts at its maximum vertical height. As the than the waveforms they represent. 


phasor rotates through 90°, the horizontal projections show 
a decreasing vertical height, reaching zero in one-quarter 
cycle. As shown in Fig. 24-2, the waveform now goes 
negative for 180°, then positive for the final quarter-cycle. 24-2 VOLTAGE AND CURRENT 
The resulting waveform is a cosine curve—a sine curve PHASORS IN PURE RLC 
moved ahead by 90°, or leading a sine curve by one- CIRCUITS 
quarter cycle. If two phasors (A and B) are drawn as a 
single diagram, with A ahead of B by 90°, the diagram can Figure 24-4 shows how phasors can be used to represent 
represent two waveforms that are 90° out of phase. (See the voltage and current waveforms in sinusoidal ac circuits 


Fig. 24-3a.) with pure resistance, inductance, or capacitance at a given 
Since the phasors are always assumed to rotate counter- frequency. 
clockwise, it is obvious that A leads B by 90° and that B Since the same voltage is applied to each circuit, the 


lags A by 90°. This phase angle relationship is shown in voltage phasor has been drawn in the horizontal reference 
Fig. 24-3b, along with the waveforms represented by the position for each. For pure resistance, the current and volt- 


phasors. Note the difference in magnitude and phase rela- age are in phase, so the phasors are drawn “‘in line’’ with 
tions between the two waves. Both phasor and waveform each other, indicating a phase angle of 0°. (See Fig. 24-4a.) 
representations are used: the phasor diagram for sinusoidal For a purely inductive circuit, current lags voltage by 


waves at the same frequency, and the waveforms for both 90°, as the phasor diagram in Fig. 24-4b clearly shows. 


Direction of rotation 


of phasors 
A ™\ B 
90° 0 Angle in 
eo 90 \/ 360 degrees 
(a) Phase relation FIGURE 24-3 


Showing how two phasors A and 

B, with A leading B by 90°, 

represent two waveforms out of 
(6) Waveforms phase by 90°. 
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VOLTAGE AND CURRENT PHASORS IN PURE RLC CIRCUITS 


VU, 1 
Vin : 
\ Is 
wt 
v1 
Vn - 
\ Le 
O wt 
1 —I 
xX = m 
CC 27 fC - 


(c) Purely capacitive circuit, J leads V by 90° 














FIGURE 24-4 
Phasor representations and waveforms of V and / in pure resistance, inductance, and capacitance 
circuits. 


That is, since the phasors are assumed to rotate counter- 
clockwise, J is behind V (or lagging V) by 90°. Alterna- 
tively, it could be said that V leads J by one-quarter cycle. 

Similarly, for a purely capacitive circuit, current leads 
voltage by one-quarter cycle. This is shown by the phasor 
diagram in Fig. 24-4c, where the phasor J has been drawn 


90° ahead of V. Alternatively, V lags I by 90°—phasor V 
is behind phasor J. 

Note how much easier it is to describe the phase rela- 
tionship between V and / by looking at the phasor diagram 
than the waveforms of v and 1. 

Also note that the current phasor has been drawn arbi- 
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trarily shorter than the voltage phasor. Except in cases 
where the phasors are drawn to scale in some graphical 
solutions, the lengths of the phasor lines are not important. 
They are usually indicated with rms values and identified 
with capital letters, as shown. 


24-3 SERIES RL CIRCUIT 


Now the principle of phasor representation can be applied 
to a series circuit containing pure resistance and pure 
inductance. (See Fig. 24-5.) 

Since a series circuit is being considered, it is conve- 
nient to draw the current phasor (which is ‘‘common’’ to 
both resistor and inductor) in the horizontal reference po- 





(a) Series RL circuit 


senate V=141.4V 





(b) Phasor diagram 


(c) Current and voltage waveforms 


PHASORS IN ALTERNATING CURRENT CIRCUITS 


sition. Superimposed upon the current phasor is the volt- 
age phasor across the resistor (Vg). This is done because, 
in a pure resistor, the current and voltage are always in 
phase with each other. 

In the same way, the voltage phasor across the inductor 
(V,) is drawn 90° ahead of, or Jeading, the current phasor. 
This is done because the current always lags the inductor 
voltage by 90° in a pure inductance. 

Assume, for ease of discussion, that the resistance (R) 
is equal to the inductive reactance (X;) of the coil at the 
frequency of the applied voltage. In Fig. 24-5a, R = X, 
= 50 (. Then, since both components have the same cur- 
rent through them (J = 2 A in this example), they must 
have the same magnitude (size) of voltage across them. 
That is, 











FIGURE 24-5 

Series RL circuit with 
phasor diagram 

and waveforms. 


SERIES RL CIRCUIT 


Vr = [rR (15-15b) 
= 2A X 500 = 100 V 
V, = [Xz (20-1) 


2A X 500 = 100 V 


These two voltages, however, are 90° out of phase with 
each other. This means that the total voltage across the 
series combination cannot be obtained by simply adding 
Vr to V, algebraically.* The angle between them must be 
taken into account. Kirchhoff’s voltage law applies to this 
circuit as it does to any circuit. The applied voltage (V) is 
the (phasor) sum of Vr and V;, with the phase angle also 
involved in the addition. This is known as vector or phasor 
addition. 

This phasor addition can be carried out simply by con- 
structing a parallelogram (a square, in this case) and draw- 
ing the diagonal. This is shown in Fig. 24-5b. Clearly, the 
phasor sum V is less than the algebraic sum of V;, and Vp. 
Also, because V is the hypotenuse of a right-angled trian- 
gle, it is given by 


Va VV + Vi 


where symbols are as above. 
For the numerical values, 


V = V(100 V)* + (100 V)* 
= \/10,000 + 10,000 V 
= \/20,000 V = 141.4 V 


Thus the rms value of the applied voltage is 141.4 V, 
with a peak value of 200 V. (The waveforms in Fig. 24- 
5c show the peak values and how they would be displayed 
on an oscilloscope.) 

The phase angle 8 by which the current lags the applied 
voltage can now be obtained from the right triangle in Fig. 
24-5b: 


volts (24-1) 


Vi 
tand = — 24-2 
an Ve ( ) 
or 
~1 Vi Vi 
6=tan'— 0 tan — 24-2a 
an Ve r arc ta V, ( ) 


where symbols are defined as above. 
The symbols tan‘ and arc tanV,/Ve mean that @ is the 


*You can, however, add the instantaneous values of vp and v, alge- 


braically at each instant of time to obtain v in Fig. 24-5c. 
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angle whose tangent is V;/Vp.* It may be obtained with a 
scientific calculator using the INV and TAN buttons as 


follows: 
For the numerical values, 


_, 100 V 


100 V 
= tan ‘1 


6 = tan 


Enter 1 into the calculator, press INV, then press TAN. 
The result is 


@ = 45° 


Note that in Fig. 24-5c, the applied voltage (V) reaches 
its peak value 45° before the current (/) does. This means 
that V leads J by 45°, or J lags V by 45°. 

This result should be no surprise. If a circuit is purely 
resistive, the phase angle is 0°; if a circuit is purely induc- 
tive, the phase angle is 90°. Thus, if the circuit is made 
up of equal values of resistance and inductance, you 
should expect the angle to be midway between 0° and 90°, 
or 45°. 


EXAMPLE 24-1 


A coil of negligible resistance and a 100-0, resistor are 

series-connected across a 120-V, 60-Hz supply. A volt- 

meter connected across the resistor indicates 60 V. Cal- 

culate: 

a. The reading of a voltmeter connected across the coil. 

b. The phase angle between the applied voltage and 
the current. 

c. The current in the circuit. 

d. The inductance of the coil. 


Solution 
See Fig. 24-6. 


a V=VV2+ V? 
V=VAa+ Vi 
Therefore, 
Vv. = VV - VA 
= (120 V)? — (60 V)? 
= /14,400 — 3600 V 
= V 10,800 V = 104 V 


(24-1) 


>e 


NO 


*See Appendix F, inverse trigonometric functions. 
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b. 6 = tan ' Me (24-2a) 
Vr 
— tan-1 104V 
7 60 V 
= tan’ ' 1.73 = 60° 
Vr 
= — 15-15a 
c. | 7 ( ) 
60 V 
= a0n Oo 0.6 A 
Vi. 
d X, = - (20-1) 
104 V 
= —— = 1730 
0.6A 
= QnfL (20-2) 
Therefore, 
aia Quf 
173 © 
2m X 60H ao 
24-4 IMPEDANCE OF A SERIES RL 


CIRCUIT 


The total opposition to current in a series RL circuit is 
called the impedance (Z), and is the ratio of the total 
applied voltage (V) to the current (J). Impedance is mea- 
sured in ohms (as are resistance and inductive reactance). 
But, as shown by the following, impedance is the vector 
sum of resistance and reactance. Consider the ‘‘voltage tri- 
angle’’ for a series RL circuit like the one shown in Fig. 
24-7a. This is similar to the phasor diagram in Fig. 24-5) 
with V;, transferred to make a closed triangle. 


V=VV+ V3 


Given (24-1) 





PHASORS IN ALTERNATING CURRENT CIRCUITS 


V=120V 


I =0.6A FIGURE 24-6 
Vp = 60V ar , 
Circuit and phasor diagram 
(b) Phasor diagram for Example 24-1. 
and Vr = IR, Vi = IX, 


then V = VdURY + (Xy 
IVR? + Xj 
and - = WR? + X2 


V 
But 7 is the impedance (Z). 


Z = VR’ + i; ohms 
where: Z is the impedance, in ohms (Q) 


R is the resistance, in ohms (Q) 
X,, is the inductive reactance, in ohms ((2) 


Therefore, (24-3) 


and f= amperes (24-4) 
where: / is the circuit current, in amperes (A) 

V is the applied voltage, in volts (V) 

Z is the circuit impedance, in ohms (2) 

Equation 24-4 is often referred to as ‘‘Ohm’s law for 
an ac circuit,’’ since it is the Ohm’s law equivalent of J 
= VIR for a dc circuit. As you will soon see, Z represents 
the total opposition to current for any combination of RLC, 
whether in series or parallel. The expression used to obtain 
Z will vary, however, according to the circuit. 

Note that the impedance diagram (Fig. 24-7c) is drawn 
without arrows and is not referred to as a phasor diagram. 
This is because X,, R, and Z do not vary with time, as do 
V_, Vr, and V. Note also that the phase angle 0 between 
the current (Vg) and voltage in Fig. 24-7a can now be 
obtained from the impedance triangle in Fig. 24-7c. This 
can be done because the two triangles are similar, and @ 
is the same. 


IMPEDANCE OF A SERIES AL CIRCUIT 





IR 


(a) Voltage triangle 


(6) Equivalent voltage triangle 


Xz 
tand = — 24-5 
an : (24-5) 
x 
and 6 = tan! = (24-5a) 


where: 8 is the phase angle between the current and the 
applied voltage in a series RL circuit, in degrees 
or radians 
X,, is the inductive reactance, in ohms (()) 
R is the total circuit resistance, in ohms (Q2) 


NOTE The phase angle is determined by inductive reactance 
compared with resistance, not by inductance alone. Even if the 
inductance and resistance remain constant, the phase angle 
can change if the frequency of the applied voltage changes. 


As you can see from Fig. 24-7c, you can obtain the 
resistance and inductive reactance if the impedance and 
phase angle are known: 


R = Zcos0 
xX; = Zsin@ 


(24-6) 
(24-7) 


These equations will be useful when you consider prac- 
tical coils, in which the coil resistance is not negligible. 





EXAMPLE 24-2 


A 30-MH coil of negligible resistance and a 200-0. resis- 
tor are connected in series across a 10-V, 1-kHz sinu- 
soidal supply. Determine: 

a. The impedance of the circuit. 


R = 2000 
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FIGURE 24-7 
Voltage and impedance 
triangles for a series RL 


(c) Impedance triangle circuit. 


b. The current in the circuit. 
c. The phase angle between the applied voltage and 


current. 
Solution 
See Fig. 24-8. 
a. X, = 2nfl (20-2) 
= 247 X 1 X 10° Hz x 30 x 10°-°H 
= 188.50 
Z= VR? + X (24-3) 
= 200? + 188.57 O 
= 274.8 O 
V 
b. ae : 
/ . (24-4) 
10 V 
- 374807 36.4 mA 
4X: 
c. 6 = tan R (24-5a) 
188.5 O ; 
= arc tan 300 0 a 43.3 


When a circuit contains both resistance and reactance, 
the relative value of the two determines the nature of the 
impedance. A series circuit is said to be predominantly 
inductive if the inductive reactance is in the order of 10 
times as large as the resistance. For example, if R = 10 


and X, = 10Q, 
Z= VR + Xi 
= V1? + 10°0 
= 10.05 ©} 
V 
FIGURE 24-8 
Z xX, Circuit diagram, phasor 


VAs diagram, and impedance 
I R triangle for Example 24-2. 


aN 
6 = tan ‘— 
and an R 


10 
arc tan ei = §4° 


Similarly, if R is 10 times X;, the circuit is considered 
to be predominantly resistive. 


24-4.1 Measuring Inductance ofa 
Practical Coil 


So far, the resistance of a coil has been assumed to be 
negligible compared to X,. Although this may be true at 
higher frequencies (since X; increases with frequency), the 
coil’s resistance may not be negligible at power line (60 
Hz) frequencies, since X; is small at such frequencies. In 
cases where the resistance is not negligible, the voltage 
across the coil is not 90° out of phase with the current 
through the coil. Further, it is impossible to make mea- 
surements across either the resistive portion or the induc- 
tive portion of the coil alone. To develop a voltage wave- 


To channel 1 
on oscilloscope 


Coil terminal 





Ve To channel 2 
on oscilloscope 


(a) Circuit of coil with small series 
resistor R’ 





(d) Oscilloscope display of voltage 
waveforms across coil and R’ 





(6b) Phasor diagram 


PHASORS IN ALTERNATING CURRENT CIRCUITS 


form proportional to the current, it is necessary to insert a 
small resistance in series with the coil. The resistor also 
allows a determination of the phase angle using a dual- 
beam (or ‘‘dual-trace’’) oscilloscope, as shown in 
Fig. 24-9. 

If the dual-beam oscilloscope is connected as shown in 
Fig. 24-9a, channel 1 will display the applied voltage 
waveform, with a peak value, V,,. This is approximately 
equal to the coil voltage, because vg is negligible (since 
R' is only a few ohms). Channel 2 displays a voltage 
waveform across R’ that is proportional to the current in 
the circuit. That is, 


V, ‘max 
Ln = me 
R 
The impedance of the whole circuit, which is approxi- 


mately equal to the impedance of the coil, can now be 
obtained: 


Vin 
zZ=— 
Im 


(c) Impedance 
diagram 


FIGURE 24-9 
Voltage and current relations 
in a practical coil. 


SERIES RC CIRCUIT 


The phase angle (6) can be determined from the oscil- 
loscope by the direct ratio of the two horizontal distances 
representing 6 and 360° in Fig. 24-9d. (The oscilloscope’s 
horizontal sweep must be triggered by the same signal for 
both traces.) The resistive and inductive portions of the 
coil can now be obtained. 


R = Zcos8 
X;, = Zsin0 


(24-6) 
(24-7) 


R is actually the ac resistance of the coil (R,.), so the 
coil’s Q may now be determined. 


Xz 
=— 20-9 
Q R.. (20-9) 
Xr, 
=— 20-2 
and L anf (20-2) 


A method to find the phase angle using a single-beam 
oscilloscope is given in Section 24-8. 


EXAMPLE 24-3 


A coil and a 10-( resistor are series-connected across a 
60-Hz supply. A dual-beam oscilloscope, connected as 
in Fig. 24-9a, displays a peak coil voltage of 18 V anda 
peak resistor voltage of 120 mV. A full cycle of the coil 
voltage occupies 5 cm and the beginning of the resistor 
voltage waveform is delayed 1 cm. Calculate: 

a. The impedance of the circuit. 

b. The phase angle between the applied voltage and 
current. 

The ac resistance of the coil. 

The inductive reactance of the coil. 

The Q of the coil. 

The inductance of the coil. 


tO G'S 


Solution 


Veimax 
ln = 


R’' 


Vr 





(a) Series RC circuit 





(6) Phasor diagram 
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120 x 10°? V 
= 100 12 mA 
V 
z=-— 
In 
18 V 
“2x tora 
b. By direct ratio: 
@ = 11cm 
360° 5cm 


therefore, = 360° x : = fa 


Cc. Ra = ZcCOos 0 (24-6) 
= 1500 0 x cos 72° = 464 0 
d. X,. = £ sin 0 


= 1500 2 x sin 72° = 1427 © 


(24-7) 


(20-9) 





(20-2) 


1427 0 
On X 6OHZ on 


NOTE Z = 1500 Q is the impedance of the whole circuit so 
that Ra, = 464 © actually includes the 10-( resistance of R’. 
(A more accurate value for the coil’s ac resistance is therefore 
454 ©.) 


24-5 SERIES RC CIRCUIT 


The phasor diagram for the voltage and current waveforms 
of a series RC circuit, similar to that used for the series RL 
circuit, is shown in Fig. 24-10. 

Once again, the current phasor (J) has been drawn in 
the horizontal reference position, with the resistor voltage 


FIGURE 24-10 
Series RC circuit (a) with phasor 
diagram (b). 
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phasor (Vp) ‘‘in-line’’ with it. Lagging J by 90° is the ca- 
pacitor voltage phasor (V;), and V is the phasor sum: 


V=VV+ V2 ~~ «volts (24-8) 
V 

and ® = —arc tan— (24-9) 
Vr 


where: V is the total applied voltage, in volts (V) 
Vp is the voltage across the resistor, in volts (V) 
Vc is the voltage across the pure capacitance, in 
volts (V) 
§ is the phase angle between the applied voltage 
and the circuit current 
Note that the phase angle (8) is negative in compar- 
ison with an inductive circuit. That is, the current leads 
the applied voltage in a capacitive circuit, but /ags in 
an inductive circuit. 





EXAMPLE 24-4 


A capacitor and a 2.2-kQ resistor are connected in series 

across a 60-Hz, sinusoidally alternating voltage. A se- 

ries-connected ac ammeter indicates 15 mA, and an os- 

cilloscope across the capacitor indicates 60 V peak-to- 

peak. Calculate: 

a. The reading of a voltmeter connected across the re- 
sistor. 

b. The rms voltage across the capacitor. 

c. The applied voltage. 

d. The phase angle between the current and applied 
voltage. 

e. The amount of capacitance. 





Solution 
See Fig. 24-11. 
a. Va = /R (15-15b) 
=15 x 10°°A x 22 x 100 =33V 
b. Vo = Vo-p (15-17) 


2v2 





PHASORS IN ALTERNATING CURRENT CIRCUITS 


0 V=VWA4 
= V33* + 21.2°V = 39.2 V 


V 
d. @ = —tan~'-2 
n 7. 


(24-8) 


21.2 V 
—arc ta = —932.7° 
"33 V 





Ve 
| 
21.2V 


“jee cA 


1 
C= OntXo (23-2) 


(23-1) 





1 
On X 60 Hz X 1.4 X 10° O 
= 1.9 pF 


The phasor diagram is shown in Fig. 24-11. 


24-6 IMPEDANCE OF A SERIES RC 


CIRCUIT 


It can be shown that, similar to an inductor, the total 
opposition to current in a series RC circuit is given by 
the impedance (Z). (See Fig. 24-12.) 


Z = VR? + X2 ohms (24-10) 
V 
= > amperes (24-4) 
| xX 
and 6 = —tan' (24-11) 


where: Z is the impedance, in ohms (Q) 
R is the resistance, in ohms (Q2) 
Xc is the capacitive reactance, in ohms (Q) 
§ is the phase angle between the current (/) and the 
applied voltage (V) 


FIGURE 24-11 
Circuit and phasor diagram 
for Example 24-4. 


IMPEDANCE OF A SERIES RC CIRCUIT 





FIGURE 24-12 
Voltage and impedance triangles for a series RC 
circuit. 





EXAMPLE 24-5 


a. How much resistance must be added in series with 
a 0.1-yF capacitor to limit the current to 5 mA when 
the series combination is connected to a 10-V, 1-kHz 
sine wave? 

b. What is the phase angle between the applied voltage 
and current? 


Solution 
See Fig. 24-13. 
1 
a 23-2 
a. Xo= BG eee) 
7 1 
- On X 1 xX 10° Hz x 0.1 x 10°° F 
= 1.6kO 
z=- (24-4) 
10 V 
“5x toa 7 
Z= VR + XG (24-10) 


Therefore, R = VZ* — Xé 
V(2 x 10°)? — (1.6 x 10°)? O 


= 1.2 kQO 


X 

ee tan '1—o 

b. 6 = —tan R 
1.6 kO, 5 
12k0. 728" 
The phasor diagram is shown in Fig. 24-13. 





= —arc tan 





me) 
I 
~ 


i=5 mA 
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24-6.1 Voltage Division in a Series RC 
Circuit* 


The concept of impedance is necessary when you consider 
the voltage developed across a capacitor that is in series 
with a resistor. (See Fig. 24-14a.) 

Assume that an alternating voltage (V;) is applied to the 
series circuit of R and C. What is an expression for V, in 
terms of V;, R, C, and f? 

The current that flows due to V; is 


_ Vi 
vA 
where Z= VR? + Xe 
but V. = IXc. 
V; 
Therefore, VY, = a x Xo 
Xc 
or, Vo = Ve % (24-12) 


VR? + XC 
Note the similarity of this voltage divider equation to that 
used for two resistors in series: 





where R, takes the place of Xc. 
Note also that the ratio V,/V; varies with frequency, 
since 


l 
Xc = >= 
© QafC 
Ve Xc 
Vi VR? + X¢ 
At low frequencies, X¢ is much larger than R, and the 
impedance (denominator) is approximately equal to X¢, so 


V/V; 1S approximately equal to 1. 
As the frequency increases and Xc¢ decreases, the ratio 


*This section may be omitted with no loss of continuity. 


FIGURE 24-13 

Z Circuit, phasor diagram, 
and impedance triangle 
for Example 24-5. 
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(a) Voltage divider circuit 


ase 


(b) Typical frequency response curve 


FIGURE 24-14 
Series RC circuit voltage division with low-frequency 
emphasis. 


V,/V; approaches zero. A typical frequency response curve 
for the circuit is shown in Fig. 24-14b. This is the type of 
curve used to provide bass adjustment in the simple tone- 
control circuits discussed in Section 23-3.3. 

If the locations of R and C are interchanged, as in Fig. 
24-15a, the output voltage is given by 


V == xg 
° Z 


or Vo = V; x (24-13) 


a 
VR? + X2 

The frequency response curve of Fig. 24-155 shows 
that this circuit attenuates the low frequencies but “‘passes”’ 
the highs. It has the effect of providing a treble control 


(high-frequency emphasis). 


EXAMPLE 24-6 


Given the circuit in Fig. 24-16a with R = 5 kQO and C = 

0.05 pF. 

a. Determine the ratio of V, to V; atf = 1 kHz and sev- 
eral other frequencies to sketch a curve of V,/V; ver- 
sus f from 10 Hz to 20 kHz. 

b. How much larger is V, at 1 kHz than at 10 kHz? 


PHASORS IN ALTERNATING CURRENT CIRCUITS 





(a) Voltage divider circuit 


(b) Typical frequency response curve 


FIGURE 24-15 
Series RC circuit voltage division with high- 
frequency emphasis. 


c. Repeat part (a) with the same size of components, 
but using the circuit in Fig. 24-1 7a. 
d. How much larger is V, at 1 KHz than at 100 Hz? 


Solution 
a. From Eq. 24-12. 


Xc 
V/V; = —=2— 
"VRP + XB 
1 
Atf = 1 =~ 
KHz, Xo = 5 (23-12) 


~ On x 1x 10°Hz x 0.05 x 10° °F 
= 3.2 kO 
Z = VRP + X32 
= V5? + 3.22 ko 
5.9 ka 
Xo 


Vi + Xe 


(24-10) 


V/V; = (24-12) 





| 
= 
Ol 

rs 


SERIES RLC CIRCUIT 


TABLE 24-1 
Reactances and impedances for Example 24-6. 


f,Hz XekQ® Z= VR? + X2,kO 





10 | 320 320 1.00 | 0.02 

100 | 32 32.4 0.99 | 0.15 

500 | 6.4 8.1 0.79 | 0.62 

1000 | 3.2 5.9 0.54 | 0.85 
5000 | 0.64 5.0 0.13: | 1.0 
10,000 | 0.32 5.0 0.06 | 1.0 
20,000 0.16 5.0 0.03 | 1.0 


Repeating the calculations for other frequencies, the re- 
sults are shown in Table 24-1. The frequency response 
curve of V,/V; versus f is shown in Fig. 24-166. 


b. Atf = 10 kHz, V, = 0.06V;. 
At f = 1 kHz, V, = 0.54V; 
Ratio of V, at 1 KHz to V, at 10 kHz is 0.54/0.06 = 9. 
c. For the circuit in Fig. 24-17a, with R = 5 kQ and C 
= 0.05 pF, 


R 


WY = SS==— 
Vi + Xe 


At f = 1 kHz, Xo = 3.2 kQ 


(24-13) 


R= 5k 





V; C= 0.05 oF | Vo 
(a) Circuit 





10 100 1k 10 k 100 k 
(6) Frequency response curve 
FIGURE 24-16 
Circuit and graph for Example 24-6A. 





479 


C = 0.05 »F 





(a) Circuit 


f, Hz 


10 100 1k 10 k 100 k 
(b) Frequency response curve 
FIGURE 24-17 
Circuit and graph for Example 24-6C. 


5 kQ 
V5" + 3.27 kn 
— 5kO 
5.9 kO 
= 0.85 


V/V; = 


Values for other frequencies are shown in Table 24- 
1, and the frequency response curve in Fig. 24-17b. 
d. Atf = 1kHz, V, = 0.85 V,. 

At f = 100 Hz, V, = 0.15 V,. 


Ratio of V, at 1 kHz to V, at 100 Hz is 9-85 = 5.7, 


0.1 


o1 


24-7 SERIES RLC CIRCUIT 


You have seen how the capacitance makes the current lead 
the applied voltage in a series RC circuit, and how the 
inductance makes the current Jag in a series RL circuit. 
When both capacitance and inductance are in series, you 
should expect a canceling effect. This is evident when you 
consider the phasor and impedance diagrams in Fig. 24-18. 

The inductive voltage (V,) is 180° out of phase with the 
capacitive voltage (V-) in Fig. 24-18b. If V;, is larger than 
Vc, the difference (V; — Vc) would be indicated on a volt- 
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(a) Series RLC circuit 


meter connected between A and B in Fig. 24-18a (assum- 
ing the resistance of the coil is negligible). When V; — 
Vc is added to Ve vectorially, the result is the applied volt- 
age (V). Thus, 


V= VV2+ (Vi — Vo)? ~——svolts~=— (24-14) 
V — 

and 6 = tant — Ve (24-15) 
Vr 


where: V is the applied voltage, in volts (V) 

Vp is the voltage across the total circuit resistance, 
in volts (V) (includes the resistance of the coil, 
if not negligible) 

V,, is the voltage across the inductance, in volts (V) 

Vc is the voltage across the capacitance, in volts 
(V) 

V, — Vc is the net reactive voltage, in volts (V) 
§ is the phase angle between the current and the 
applied voltage in degrees or radians 

The impedance of a series RLC circuit can be obtained 
from the impedance diagram in Fig. 24-18c. The net re- 
actance of the circuit is X, — Xc, so that Z is given by 


Z = VR’ + (X, — Xo)” _ ~— ohms'_—s (24-16) 
xX, —X 
and 6 = tan?“ (24-17) 
V 
and f= 7 amperes (24-4) 


where: Z is the circuit impedance, in ohms (Q) 
R is the circuit resistance, in ohms (Q) 
X,, is the circuit inductive reactance, in ohms (2) 
X, — Xc is the net circuit reactance, in ohms ({2) 
§ is the phase angle between the current and ap- 
plied voltage, in degrees or radians 


For the phasor diagram shown in Fig. 24-18), the cur- 
rent lags the applied voltage (V), because the overall cir- 
cuit is inductive. That is, X;, is greater than Xc, making V;, 





(b) Phasor diagram 


PHASORS IN ALTERNATING CURRENT CIRCUITS 


xX), 
Z X, — X¢ 
. AKG f net 
R reactance 


FIGURE 24-18 

Xe (a) Series RLC circuit; 
(b) phasor diagram; 
and (c) impedance 


(c) Impedance diagram diagram. 


larger than Vc. Clearly, if Vc is larger than V; (X¢ greater 
than X,), then the current leads the applied voltage, and 
the overall circuit is said to be capacitive. Further, if X;, 
= Xo, then V; = Vc, the phase angle is zero, and the 
circuit is purely resistive. This condition is called series 
resonance; it occurs when the inductive and capacitive re- 
actances cancel each other. Resonance is a very important 
effect, and is considered in detail in Chapter 26. 


EXAMPLE 24-7 


A 30-mH coil (of negligible resistance), a 0.005-wF ca- 

pacitor, and a 1-k© resistor are series-connected across 

a 2-V, 10-kHz sinusoidal supply. Calculate: 

a. The circuit impedance. 

b. The circuit current. 

c. The voltage across each component. 

d. The phase angle between the current and applied 
voltage. 


Draw the circuit, the phasor and the impedance diagrams 
indicating all values. 


Solution 
= Qn x 10 x 10° Hz x 30 x 10°°H 
= 18850 
1 

Xe = 2QufC ee) 
_ 1 
~ Oa X 10 X 10° Hz X 0.005 x 10°°F 
= 31830 

Z = V R? + (X, oe Xc)* Q, (24-16) 


= \/1000? + (1885 — 3183)? 0 


1639 © 


SERIES RLC CIRCUIT 
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T=1.2mA = Vr=l.20V 
Vz = 2.26V X,, = 1885 0 
i Vp =1.20V J=1.2mA R=10000 FIGURE 24-19 
6 = 524° | Xo -X;, Series RLC circuit, 
poe phasor diagram, and 
Z4= 16390 impedance diagram for 
Vo = 3.82V Ve %c= 31839 — Eyample 24-7. 
V ; , , 
b. / = 7 (24-4) inductive load (such as a relay, solenoid, or small motor) 
oy that requires 120 V for its proper operation. But, due to 
= = 1.2mA an excessive voltage drop in the connecting lines, only 110 
1639 0 : . 
« ¥ i 15-15b or 105 V is available. By connecting a capacitor of the 
_~ - eee proper size in series with the load, the impedance can be 
= 1.2 x 10°" A x 1000 2 = 1.20 V reduced so that the proper current flows, even at the lower 
Vi = IX - (20-1) voltage. (As illustrated in Example 24-8, 120 V does ap- 
= 1.2 x 10°°A X 1885 0 = 2.26 V pear across the load itself.) 
Vo a IXc (23-1) ; ; ; 
=~ 12x 10-°A x 31830 = 3.82 V NOTE The capacitor used must be suitable for ac operation. 
d. 0 = tan-? =e (24-17) 
aan 1885 — 3183 0 
__ 1000 EXAMPLE 24-8 


arc tan — 1.38 = —52.4° 
The diagrams are shown in Fig. 24-19. 


NOTE The voltages across the capacitor and inductor in Ex- 
ample 24-7 are each larger than the input voltage. This is a 
common phenomenon in series RLC-circuits when the inductive 
and capacitive reactances are of the same order of magnitude. 
This is because the overall impedance is /Jower than if the ca- 
pacitance or the inductance alone is in the circuit with the resis- 
tance. This means that a relatively high current flows, producing 
a relatively high voltage across the reactances. Note too that 
because Xc is greater than X,, the overall circuit is capacitive. 
Also, Vc is greater than V, and the current /eads the applied 
voltage by 52.4°. 


24-7.1 Application of a Series RLC 
Circuit 


As shown in Example 24-7, the total impedance of a series 
RLC circuit may be less than if the circuit contained only 
resistance and inductive reactance. This is due to the can- 
celling effect the capacitor has on the overall reactance. 
The result is that less voltage is needed to cause the same 
current to flow through the original inductive circuit if a 
capacitor is connected in series. There is a very useful 
practical application of this fact. Assume that you have an 


A solenoid that requires a current of 200 mA to operate 
normally at 120 V, 60 Hz, has an ac resistance of 200 
©. The solenoid must be operated at 95 V by inserting a 
capacitor in series with it. Calculate: 

a. The size of the capacitor needed. 

b. The voltage across the capacitor. 

c. The voltage across the solenoid. 

Draw the phasor diagram. 


Solution 


a. When operating normally, the solenoid’s impedance 
is: 


The solenoid’s reactance may now be found: 
Z= VRP +X? 
X, = VZ? — PR 
= V600" — 2007 0 


= 565.7 0 


(24-3) 


When the capacitor is connected in series with the sole- 
noid, the total impedance must be: 
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PHASORS IN ALTERNATING CURRENT CIRCUITS 


R = 2000 


T=02A r= O20 
R = 2000 
120 V 95 ¥ 
XL 
C 
(a) Original circuit (b) Modified circuit 
Ve, = 113 ¥ Vosienciad = 120 V 





Vz + Vo 


= 86V Vapplied = 95V 


Ve = 27 V 
(c) Phasor diagram 
FIGURE 24-20 
Circuits and phasor diagram for Example 24-8. 





Vv 95V 
f=] oan 4750, 
Z = VR? + (X%, — Xe)? (24-16) 
X, — Xo = VZ* — PR? 
= 4757 — 2007 0 
= 430.8 O 
Therefore, Xo = X, — 4380.8 
= 565.7 — 430.8 0 
= 134.90 
, 
=_lc ero 23-2 
Rul Ac 2utC ( ) 
, 
Therefore, C = 
eretore OntXc 
_ 1 
~ On x 60 Hz xX 134.90 
= 19.7 x 10°°F = 19.7 pF 
b. Ve=iKe (23-1) 
= 0.2A X 134.90 
= 27V 


F=O02A 


C. V selenotd = IZ solenoid 
= 0.2A x 600 0 
= 120 V 


(See Fig. 24-20.) 


24-8 OSCILLOSCOPE MEASUREMENT 
OF PHASE ANGLES 


Although the phase angle between two voltages can be ob- 
served most easily on a dual-trace oscilloscope, there is a 
useful method of displaying this information on a single- 
beam oscilloscope. The method involves applying one of 
the voltages to the vertical (Y) input and the other to the 
horizontal (X) input. Since both waveforms are at the same 
frequency, the phase relationship between the two is con- 
stant. The smaller of the two voltages is usually connected 
to the vertical input, since that input is more sensitive. To 
apply the other voltage to the horizontal deflection plates, 


OSCILLOSCOPE MEASUREMENT OF PHASE ANGLES 





2 


x 
) 


90° > 4@>0° 


6 = 0° (or 360° 


(6) Lissajous figures for various phase angles 


FIGURE 24-21 
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6 = 90° 


Showing how to make phase angle measurements using Lissajous 
figures. (Note: The oscilloscope must be adjusted for equal vertical and 
horizontal deflections to obtain above figures, and in some oscilloscopes, 


the figures may slope the opposite way.) 


it is usually necessary to move the time-base selector 
switch to ‘‘external’’ (EXT). 

An example of the way in which the phase angle is 
measured in a series RLC circuit is shown in Fig. 24-21, 
along with typical Lissajous figures. 

Since the frequency of the two voltages is the same, a 
stationary pattern results, as in Fig. 24-21b. In general, 
the figure produced is an ellipse with an overall height BB’ 
and intercepts on the Y-axis at AA’. It can be shown that 
the sine of the phase angle @ between the two voltages 
applied to the oscilloscope is given by 


eid 


in@ = 24-18 
me OB BB" erie) 


! 





@ 
| 


arc sin —— = arc sin (24-18a) 
OB 


BB' 
Note that AA’ and BB’ are distances taken from the oscil- 
loscope screen. It is not necessary that the oscilloscope be 
calibrated vertically or horizontally, but the Lissajous pat- 
tern must be centered horizontally. 

In the case of a circle, AA’ and BB’ are equal, so 8 = 


arc sin 1 = 90°. For a straight line, AA’ = 0, so0 = 

If @ = 45°, Ms = sin 45° = 0.7. 
OB 

Whether this is a leading or lagging phase angle cannot be 

determined from the Lissajous display alone.* 

In the circuit of Fig. 24-2la, the phase angle deter- 
mined is between Vr and V. But since Vp is proportional 
to (and in phase with) the current (/), the measured phase 
angle is between the current and the applied voltage. How- 
ever, not all phase angle measurements necessarily give 
the phase angle between the current and the applied volt- 
age. For example, what meaning would the phase angle 
determined from the oscilloscope have if R and C were 
interchanged in Fig. 24-2la? Recall that, in many cases, 
one side of the supply is grounded, and so is the low side 
on the oscilloscope. Care must be taken to determine what 
voltages are being compared. (See Problem 24-30.) 


arc sin OQ = 0°. 


*But a dual-trace presentation clearly shows which waveform is lead- 
ing or lagging. The advantage of the Lissajous method is that the phase 
angle is determined quite accurately. 
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EXAMPLE 24-9 


An oscilloscope is used to make a phase angle measure- 

ment between the current and applied voltage in a series 

RLC circuit, as in Fig. 24-21a. The resulting ellipse is as 

shown in Fig. 24-21b, with OA = 2cm and OB = 3cm. 

Voltmeters across L and C indicate 8 and 5 V, respec- 

tively. Calculate: 

a. The phase angle between the current and applied 
voltage. 

b. The resistor voltage. 

c. The applied voltage. 

d. The reading of a voltmeter connected across the se- 
ries LC combination. 

Draw the phasor diagram. 


Solution 
OA 
. 6= sin pS 24-18a 
a. 6 =sin ae ( ) 
2cm 
= arc sin —— = 41.8° 
3 cm 
V 
b. tan@ = Vi — Ve (24-15) 
Vr 
Vi — Vo 
Theref Vp = —— 
erefore, Vp ane 
8V-—5V 
~ tan 41.8° sal 


= 3.367 + (8 — 5° V=4.5V 
d. Voltage across LC combination = V, — Vc 
=8-5V=33V 
The phasor diagram is shown in Fig. 24-22. 








Vo=5v 
FIGURE 24-22 
Phasor diagram for Example 24-9. 


PHASORS IN ALTERNATING CURRENT CIRCUITS 


24-9 PARALLEL RL CIRCUIT 


When a resistor and an inductor are connected in parallel 
across a sinusoidal supply, the total current drawn (by 
Kirchhoff’s current law) is the phasor sum of each branch 
current. Since voltage is common to both branch elements, 
V is used as the horizontal reference phasor, as in 
Fig. 24-235. 

The current drawn by each branch is given by 


V 
Ir i R (15-15a) 
V 
L=— 20-1 
and L < ( ) 
Therefore, the total current /; is 
I; = WV i+ re amperes (24-19) 
Z= kal (24-4) 
Ir 
yz 
6 = -tan — (24-20) 
Tr 


In this case, the negative phase angle shows that the 
total circuit current lags the applied voltage, as it does in 
a series RL circuit. 

An expression may be obtained for the total impedance 
of the parallel-connected components using Eq. 24-19. 

Ls Vig+k 
V V 
But I —and/, = — 
KR = 


Therefore, J; = V(V/R)* + (V/X,;)" 





(a) Parallel RL circuit 
FIGURE 24-23 
(a) Parallel RL circuit and (6) phasor diagram. 


(6) Phasor diagram 


PARALLEL RC CIRCUIT 


V 2x72 
But a Pa 
I; R’ + X; 


RX, ;, 
or Zoo: (24-21) 
. VR? + Xz 
Note the similarity to the equation for two resistors in 
parallel: 


= R,R> Ee Product 
R, te R> Sum 





T 


The numerator of Eq. 24-21 consists of the product of 
the two components, as for resistors. But in the denomi- 
nator, you cannot merely add resistance directly to react- 
ance; you must use the combination of resistance and re- 
actance according to the series impedance equation: 


Z= VR + Xi 


EXAMPLE 24-10 


A 200-© resistor, and a coil of negligible resistance and 
400-© reactance, are connected in parallel across a 40- 
V sinusoidal source. Calculate: 

a. The total circuit current. 

b. The impedance of the circuit. 

c. The phase angle between the circuit current and ap- 





plied voltage. 
Solution 
V 
= ae 15-1 
a te = (15-15a) 
40 V 
“00 @ 
V 
iis 20-1 
I, x, (20-1) 
40 V 
400 0 0.1A 
-— Nae Te (24-19) 
= V0.2° + 0.17 A = 0.224 A 
ge (24-4) 
I; 
40 V 
= (ere Oe 
BA (24-21) 


Alternatively, Z = ———— 
VR? + XE 
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— 2009 x 4000 


~ 1/2002 + 4002 0 
80,000 2 
447.2 ot 
Cc 8= tan, (24-20) 


R 


0.1A ; 
—arc tan 02A = —26.6 


Note that the overall circuit is considered to be more 
resistive than inductive because the resistive current Is 
larger than the inductive current. 


24-10 PARALLEL RC CIRCUIT 


The phasor diagram for the current and voltage in a par- 
allel RC circuit is shown in Fig. 24-24. It should be ob- 
vious that the total circuit current is given by 


rj=Vi+ i amperes (A) (24-22) 
V 
Y ie (24-4) 
Ir 
= 
0 = tan — (24-23) 
Ir 
RXc 
| i (24-24) 
an¢ Vie oe 





EXAMPLE 24-11 


A 200-© resistor and a 100-0 capacitive reactance are 
connected in parallel with a 40-V sinusoidal supply. Cal- 
culate: 

a. The total circuit current. 

b. The impedance of the circuit. 





Tp 


(a) Parallel RC circuit 
(b) Phasor diagram 


FIGURE 24-24 
(a) Parallel RC circuit and (b) phasor diagram. 
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c. The phase angle between the circuit current and ap- 








plied voltage. 
Solution 
V 
, i 15-15 
a R R ( a) 
40 V 
rai 0.2A 
: V 
—— 23-1 
Ic X, (23-1) 
40 V 
= A600 
lr = Vin + Ie (24-22) 
= V0.2? + 0.47 A = 0.447A 
b Z= u (24-2) 
I; 
40 V 
cay ee 
RXco 
Alternatively, Z = ———=— (24-24) 
WR? + Xe 
— 2009 x 1009 
V/2007 + 1007 0 
20,000. 
= epaie Q = 89.40 
G-20-—tan— Io (24-23) 
Ip 
4A 
= arct — 2. 
Tope 


In this case, the circuit is more capacitive than resis- 
tive (I; leads V), because Ic is larger than Ip. This is a 
result of X- being smaller than R. (Note how this is op- 
posite to a series RC circuit.) 








(a) Parallel RLC circuit 


FIGURE 24-25 
(a) Parallel RLC circuit and (6) phasor diagram. 


PHASORS IN ALTERNATING CURRENT CIRCUITS 


24-11 PARALLEL RLC CIRCUIT 
You should expect some canceling effect in a way similar 
to a series RLC circuit, when inductance and capacitance 
are both connected in parallel across an ac voltage source. 
In the circuit shown in Fig. 24-25, it is assumed that X¢ 
is less than X, so that Ic is greater than J,. The resulting 
total current /eads the applied voltage, and the circuit is 
said to be capacitive overall. 

Conversely, if X; is less than X¢, then /; is greater than 
Ic and the circuit is considered to be inductive. But if X;, 
= Xc, the total current is in phase with the applied voltage 
(8 is zero), and the circuit is purely resistive. This condi- 
tion is called parallel resonance and is discussed further in 
Section 26-6. 

The total current, impedance, and phase angle of the 
parallel RLC circuit are given by: 


Ir = Viz, + Ic— 1)? ~~ amperes (24-25) 
V 
Z=— (24-4) 
I; 
Ic - 1 
and 6 = tan! ; f (24-26) 
R 


EXAMPLE 24-12 


The resistor, inductor, and capacitor from the previous 
two examples (R = 200 Q, X, = 400 ©, and X- = 100 
Q) are connected in parallel with the same voltage 
source of V = 40 V. Calculate: 

a. The total circuit current. 

b. The circuit impedance. 





(b) Phasor diagram 


SUMMARY 


c. The phase angle between the circuit current and ap- 
plied voltage. 


Solution 


a. As before, 
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There are some important points to note in this exam- 
ple. First, observe that the total circuit current (0.36 A) is 
less than the capacitor branch current (0.4 A). It is not 
unusual, in some parallel RLC circuits where X; and X¢ 
are equal or close to equal in value, for a very large cur- 
rent (greater than the total current) to circulate in the tank 


100 Q. That is, 


100 0 


ine circuit consisting of L and C. 
ne Second, note that the total impedance of 111 ( is not 
Ic = 04 A less than the smallest reactance of Xc = 
Ir = Vi + (le — I)” (24-25) in a parallel RL or RC circuit, the total impedance (Z) is 
= V0.2 + (0.4 — 0.1)? A = 0.36 A less than the smallest branch resistance or reactance. But 
b z= Vv (24-4) the combined effect of X, = 400 2 and Xc = 
lr actually produces a combined reactance of 133 Q (40 
40 V V/0.3 A). Obviously, parallel reactances and resistances 
~ 036A _ 111 cannot be combined in the same way that a purely resistive 
ale = i parallel circuit can be treated. 
c. @ = tan”! j (24-26) You will consider other combinations, such as series- 
aa _o1A parallel reactances, in Chapter 27, when you are better 
= arctan a = 56.3° prepared to use complex numbers. 
SUMMARY 
1. A sine wave may be represented by a horizontal line called a phasor. The phasor 


is assumed to rotate counterclockwise at the frequency of the voltage supply. 


2. A cosine curve is represented by a vertical phasor, and leads a sine curve by 90°. 
3. Phasors at right angles can be used to represent the rms values of the current and 
voltage in pure L and C circuits. 
4. A series RL circuit has a total applied voltage given by 
V = VVp + Vi 
and a phase angle between current and applied voltage given by 
V, xX 
6 = tan! — = tan! = 
Vr R 
5. The total opposition to the current in a series RL circuit is called the impedance 
and is given by 
Z= VR + Xi 
6. The current in an ac circuit is given by the equation: 
V 
Il=- 
Z 
7. Practical coils (those in which resistance is not negligible) have a phase angle 
between the current and coil voltage of less than 90°. 
8. A series RC circuit has a total applied voltage given by 


V=VVp + Ve 
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and a phase angle between the current and applied voltage given by 


V X, 
6 = —tan '—© = —tan '- 
Vr R 


9. The impedance of a series RC circuit is given by 
Z= VR + Xe 


10. The impedance of a series RLC circuit is given by 


Z= / R? + (X, = X¥-¥ 


— X 
and 0 = tan —— = tan 


11. A single-beam oscilloscope display of two voltages in a stationary Lissajous figure 
can be used to obtain the phase angle between those two voltages using: 

_ _1OA 

§ = sin — 

OB 


12. A parallel RLC circuit has a total line current: 


Ip = Vik + (Ic -— Lh)? 


impedance: Z=-— 
[7 
i I 
and phase angle: 6 = tan! © F : 
R 
SELF-EXAMINATION 


Answer T or F or a, b, c, d, or e for multiple choice 
(Answers at back of book) 

24-1. A phasor is a line that represents a quantity that varies with time. 

24-2. Phasors are assumed to rotate clockwise at the same frequency as the voltage 
or current they represent. 

24-3. Two phasors drawn at right angles can represent the voltage and current wave- 
forms in a purely capacitive or purely inductive circuit. 

24-4. The phasor sum of the resistive and inductive voltages in a series RL circuit is 
always less than the algebraic sum. 

24-5. If the resistive and inductive voltages in a series RL circuit are each 5 V, the 
total applied voltage and phase angle are 
a. 7.07 V, 90° 
b. 10 V, 45° 
c. 7.07 V, 7/4 rad 
d. 10 V, 90° 
e. none of the above 

24-6. If the inductive and resistive voltages in a series RL circuit are equal, then the 
inductive reactance is equal to the resistance. 

24-7. A series RL circuit has a resistance of 30 ( and an inductive reactance of 40 
(). The impedance is 


REVIEW QUESTIONS 


a S500 
b. 7OQ 
c 100 
d. 350 
e. none of the above 
24-8. A series RC circuit has a resistance of 50 Q, and a capacitive reactance of 120 
Q, and is connected to a 130-V supply. The current drawn is 
a. 2.2A 
b. 11A 
c. OLA 
d. 1A 
e. none of the above 
24-9. The voltage across a coil is always 90° out of phase with the current through 
the coil. 
24-10. If a series RC circuit has a leading phase angle of 30°, the circuit is more 
capacitive than resistive. 
24-11. If a series RC circuit has X¢ = 2R, the phase angle between the current and 
applied voltage is 
a. 30° 
b. 63.4° 
c. 26.6 
d. 60° 
e. 45° 
24-12. The phase angle of a series RLC circuit is determined only by the values of R, 
L, and C. 
24-13. If a capacitor is added in series with a series RL circuit, the result is always a 
decrease in the impedance. 
24-14. If a capacitor of the correct reactance is connected in series with a series RL 
circuit, the result may be a purely resistive circuit. 
24-15. The determination of a circuit’s phase angle requires an oscilloscope with ac- 
curately calibrated vertical and horizontal inputs. 
24-16. If a parallel RL circuit contains a resistance of 100 () and an inductive react- 
ance of 1000 Q, the circuit is considered predominantly inductive. 
24-17. The total current leads the applied voltage in a parallel RL circuit whereas it 
lags in a series RL circuit. 
24-18. The total line current in a parallel RLC circuit must, because it obeys Kirch- 
hoff’s current law, always be larger than any one of the branch currents. 
24-19. The total impedance of a parallel RLC circuit can be larger than the smallest 
branch resistance or reactance. 
REVIEW QUESTIONS 
1. Distinguish between a vector and a phasor, giving an example of each. 
2. In what way would the waveform represented by a horizontal phasor be different 
if the phasor were assumed to rotate clockwise instead of counterclockwise? 
3. Why, strictly speaking, should phasors be drawn or labeled with peak values and 


not rms values? 
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4. How would the waveforms of current and voltage for pure R, L, or C circuits be 
different (in Fig. 24-4) if the current phasor is drawn in the horizontal reference 
position? 

5. What simple proof can you give, using voltage and impedance triangles, to show 

that the phase angle between the current and voltage in a series RL or RC circuit 

is determined by the ratio of the reactance to the resistance? 

What is the difference between ac resistance, reactance, and impedance? 

7. How would Eq. 24-3 be modified to obtain the total impedance of a series RL 

circuit in which the inductor’s resistance R,; is not negligible? 

Why is it not proper to refer to an impedance diagram as a phasor diagram? 

9. Describe a method by which you could use a dual-beam oscilloscope to determine 
the resistance, inductance, and Q of a coil. 

10. How would the impedance of a series RC circuit change, compared with an RL 
circuit, if the frequency of the applied voltage were increased? 

11. How would you expect that the impedance and phase angle would change if you 
varied the frequency from direct current to some high value in a series RLC cir- 
cuit? Sketch graphs of each. 

12. How is it possible to develop larger voltages across the capacitor or inductor than 
the input voltage in a series RLC circuit? When is this effect most noticeable? 

13. Sketch the circuit connections to a single-trace oscilloscope if you wanted to mea- 
sure the phase angle between the current and applied voltage in a series RC circuit 
if one side of the supply and the low side of the oscilloscope are both grounded. 

14. Give two ways in which a parallel RLC circuit differs from a parallel resistive 


a 


# 


circuit. 

15. Show why tan 0 = —R/X, for a parallel RL circuit, but tan 0 = X;/R for a series 
RL circuit. 

PROBLEMS 


(Answers to odd-numbered problems at back of book) 

24-1. Construct accurately a graph of a sine wave using the method of a rotating line 
as in Fig. 24-1. Use a 1-in. radius circte and angles every 15°. Make the 
horizontal axis of the graph approximately 2 in. long. 

24-2. Repeat Problem 24-1 to construct a cosine curve as in Fig. 24-2. 

24-3. Draw two vectors, A and B, at right angles to each other as in Fig. 24-3. Make 
them 1 in. long and construct the two waveforms they represent (as in Prob- 
lems 24-1 and 24-2). 

Find the phasor sum, A + B, by constructing the diagonal as in Fig. 24- 
6b. Now use this line to construct the waveform represented by this phasor. 
Does it coincide with the instantaneous sums of the A and B waveforms taken 
every 30°? 

24-4. Repeat Problem 24-3 but make A 1 in. long, and B 2 in. long. 

24-5. A series RL circuit is connected to an ac supply. Voltmeters across the resistor 
and inductor (of negligible resistance) indicate 40 and 80 V, respectively. Cal- 
culate: 

a. The applied voltage. 
b. The phase angle between the current and applied voltage. 
c. The relative value of X; compared with R. 


PROBLEMS 


24-6. 


24-7. 


24-8. 


24-9, 


24-10. 
24-11. 


24-12. 


24-13. 


A 24-V sinusoidal emf is applied to a series RL circuit. If a voltmeter across 
the resistor indicates 12 V, calculate: 


a. The voltage across the inductance. 

b. The phase angle between the applied voltage and current. 

c. The relative value of X; compared with R. 

A coil of negligible resistance and a 2.2-kQ, resistor are series-connected across 
a 24-V, 400-Hz supply. If a voltmeter connected across the coil indicates 10 
V, calculate: 

a. The reading of a voltmeter connected across the resistor. 

b. The phase angle between the applied voltage and current. 

c. The current in the circuit. 

d. The inductance of the coil. 

The phase angle between current and applied voltage in a series RL circuit is 
known to be 30°. If the voltage across the 4.7-kQ resistor is 15 V, calculate: 
a. The inductor voltage. 

b. The applied voltage. 

c. The current in the circuit. 

d. The inductive reactance of the coil. 

A series RL circuit draws a current of 20 mA from a 24-V, 60-Hz source. If 
the inductive reactance is known to be twice as large as the resistance, calcu- 


a. The circuit impedance. 
b. The circuit resistance. 

c. The circuit’s inductive reactance. 
d. The resistor voltage. 

e. The inductor voltage. 

i 


A 200-H coil of negligible resistance and a 47-() resistor are series-connected 
across a 20-V peak-to-peak, 10-kHz, sinusoidal signal generator. Calculate: 

a. The circuit impedance. 

b. The current in the circuit. 

c. The phase angle between the current and applied voltage. 

A 100-mH coil of unknown resistance is connected in series with a 220-O 
resistor and an 18-V peak-to-peak sine wave at 500 Hz. If a series-connected 
milliammeter indicates 12 mA, calculate: 

a. The circuit impedance. 

b. The resistance of the coil. 

c. The voltage across the resistor. 

d. The impedance of the coil. 

e. The voltage across the coil. 

A coil of unknown inductance and resistance is connected in series with a 4.7- 
Q) resistor and a 6.3-V, 60-Hz sinusoidal supply. A dual-beam oscilloscope, 
connected as in Fig. 24-9a, indicates a peak-to-peak resistor voltage of 80 mV. 
A full cycle of the resistor voltage occupies 10 cm and is delayed 2.25 cm 
compared with the coil voltage. Calculate: 

a. The circuit impedance. 

b. The phase angle between the current and applied voltage. 

c. The ac resistance of the coil. 

d. The inductive reactance of the coil. 
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e. The QO of the coil. 
f. The inductance of the coil. 

24-14. A coil with a Q of 2 is connected in series with a resistor and a 60-Hz supply. 
If the coil voltage is 100 V and the resistor voltage is 60 V, calculate the 
supply voltage. Draw the phasor diagram. 

24-15. A capacitor and a 33-Q resistor are connected in series across a 60-Hz sinu- 
soidal supply. A series-connected ac ammeter indicates 1.65 A, and an oscil- 
loscope across the capacitor indicates 150 V peak. Calculate: 

a. The applied voltage. 
b. The phase angle between the current and applied voltage. 
c. The amount of capacitance. 

24-16. The current in a series RC circuit is 40 mA. If the phase angle between the 

current and applied voltage is —50° and the resistor is 330 Q, calculate: 

a. The applied voltage. 

b. The impedance of the circuit. 

c. The size of the capacitor if the frequency is 60 Hz. 

a. How much resistance must be added in series with a 200-pF capacitor to 

limit the current to 80 wA when the series combination is connected to a 

150-mV, 1-MHz sine wave? 

What is the circuit’s phase angle between the applied voltage and current? 

24-18. a. How much capacitance must be added in series with a 50-() resistor to 

limit the current to 1.5 A when the series combination is connected to a 
340-V peak-to-peak, 60-Hz sine wave? 
b. What is the circuit’s phase angle between the applied voltage and current? 

24-19. For the circuit of Fig. 24-26, calculate V,/V; at 1 kHz and 10 kHz. Sketch a 
curve of V,/V; versus f. 


24-17. 


= 


R=5k0 


Vo 


V; C = 0.01 aF 
FIGURE 24-26 | 
Circuit for Problems 24-19 and 24-20. 


24-20. Repeat Problem 24-19 using C = 0.002 pF. 
24-21. Given the circuit in Fig. 24-27, derive an equation for V,/V; in terms of R,, 
R,, and Xc. 





FIGURE 24-27 C 
Circuit for Problem 24-21. 


PROBLEMS 


24-22. 


FIGURE 24-28 
Circuit for Problem 24-22. 


24-23. 


24-24. 


24-25. 


24-26. 


24-27. 


24-28. 


24-29. 


Given the circuit in Fig. 24-28: 
a. Derive an equation for V,/V; in terms of R;, Ro, and Xc. 


Vi R . . ° 
b. Show that at very high frequencies, — ~ ——*_ for both circuits (Figs. 


24-27 and 24-28). 





An 8-H coil (of negligible resistance), a 0.0035-wF capacitor, and a 2.2-kO 
resistor are series-connected across a 3.5-V, variable-frequency sinusoidal sig- 
nal generator. For a frequency setting of 600 Hz, calculate: 
a. The circuit impedance. 
b. The circuit current. 
c. The voltage across each component. 
d. The phase angle between the current and applied voltage. 
Draw the circuit, phasor, and impedance diagrams indicating all values. 
Repeat Problem 24-23 using a frequency of 951 Hz. Compare the results with 
Problem 24-23. 
Repeat Problem 24-23 using a frequency of 1200 Hz. Compare the results with 
Problems 24-23 and 24-24. 
A relay coil has a resistance of 300 © and requires a current of 150 mA for its 
operation. When operated from a 60-Hz source, the required voltage is 180 V. 
Calculate the value of the capacitance in series with the relay coil that will 
allow its operation from a 120-V, 60-Hz source. 
A relay coil is designed to operate at 24 V, 400 Hz, drawing a current of 100 
mA. If the coil has an ac resistance of 100 (, calculate: 
a. The series capacitance required to allow the relay to operate with 18 V 
applied. 
The voltage across the capacitor. 
c. The minimum voltage it is possible to use to operate the relay if the proper 
size capacitor is selected. 
d. The size of capacitor for the operation stated in c. 
A solenoid that requires a current of 250 mA to operate at 120 V, 60 Hz has 
an ac resistance of 300 (. Calculate the size of series capacitance needed to 
allow the combination to operate at 240 V, 60 Hz. 
An oscilloscope is used to make a phase angle measurement between the cur- 
rent and applied voltage in a series RLC circuit. The resulting ellipse has an 
overall height of 6 cm and intercepts on the y-axis 5 cm apart. If a voltmeter 
connected across the series combination of L and C indicates 30 V, calculate: 
a. The phase angle between the current and applied voltage. 
b. The resistor voltage. 
c. The applied voltage. 
Draw a phasor diagram given that the circuit is capacitive. 
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24-30. Determine the oscilloscope display when it is connected as in the circuit of 
Fig. 24-29 to show a Lissajous figure. Justify your answer. 


To oscilloscope horizontal To oscilloscope vertical 
2.2 kX 

Sine wave + 

LO Vi. 


FIGURE 24-29 
Circuit for Problem 24-30. == 


24-31. A 0.5-H inductor of negligible resistance and a 1.2-kQ resistor are connected 
in parallel across a 48-V, 400-Hz source. Calculate: 
a. The total current drawn from the source. 
b. The impedance of the circuit. 
c. The phase angle between the total current and applied voltage. 

24-32. Repeat Problem 24-31 with the inductor replaced by a 0.2-wF capacitor. 

24-33. A parallel RLC circuit consists of a 0.5-H coil (of negligible resistance), a 2.2- 

kO, resistor, and a 0.03-wF capacitor connected across a 5-V, 1-kHz source. 
Calculate: 

a. The total circuit current. 

b. The circuit impedance. 

c. The phase angle between the circuit current and applied voltage. 

Draw a phasor diagram showing all values. 

24-34. a. Calculate the size of the capacitor to be added in parallel with the circuit 
of Problem 24-33 to make the phase angle between the current and applied 
voltage equal zero. 

b. Determine the new line current and impedance after adding the capacitor. 
Compare the results with Problem 24-33. 
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POWER IN AC 
CIRCUITS 





There are three types of power in an ac circuit: true power, 
reactive power, and apparent power. The first of these, true 
power, is the power dissipated in a resistance when electrical 


energy is converted to a different form. True power is measured in 
watts. Reactive power is power that is stored in capacitors and 


inductors and then returned to the system. It is measured in volt- 
amperes reactive (vars). The third type, apparent power, is simply 
the product of the total applied voltage and the total circuit current. 
It is measured in volt-amperes (VA). 


The three types of power are related, and can be represented in 
a right-angled power triangle, from which the power factor can be 
obtained as the ratio of true power to apparent power. For 
inductive loads, the power factor is called /Jagging, to distinguish it 
from the leading power factor in a capacitive load. 


The power factor of a circuit determines how much current is 
needed from the source to deliver a given true power. Since a /jow 
power factor requires a higher current than a unity power factor 
circuit, methods of correcting the power factor are examined in this 


POWER IN PURE RESISTANCE 
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chapter. This correction is usually accomplished by connecting a 
large capacitance across the line to offset the naturally inductive 
loads of motors and fluorescent lamps. 


Finally, you will learn how to measure and calculate power in a 
three-phase, three-wire system, and how to achieve maximum 
power transfer to a load from an ac source with a given internal 


impedance. 


25-1 POWER IN PURE RESISTANCE 


As you learned in Chapter 15, current and voltage are in 
phase with each other in a purely resistive circuit, or in 
any portion of an ac circuit where only pure resistance is 
considered. Such an in-phase relationship can be repre- 
sented by the phasor diagram in Fig. 25-1b or the wave- 
forms in Fig. 25-1c. 

Note that the power varies at twice the source frequency 
(as was shown in Section 15-3.1), and that it has an av- 
erage value given by 


P = IER = Velp = VrlR watts (15-12 to 15-14) 


To distinguish the power dissipated in a resistance (in 
the form of heat) from other types of power, the term 
real power or true power is used. The symbol P (with no 
subscript) and the unit of measure watt (W) are used ex- 
clusively for real or true power. True power describes the 
conversion of electrical energy into another form, such as 
heat, light, rotating mechanical power, and so forth. The 





(b) Phasor diagram 


(a) Purely resistive circuit 





true power in watts used by a dc or ac circuit is indicated 
by a properly connected wattmeter. The wattmeter will in- 
dicate power only if the circuit contains some power-dis- 
sipating element. 


EXAMPLE 25-1 


A wattmeter, connected in an ac circuit, indicates 50 W. 
An ammeter, connected in series with the only resistance 
in the whole circuit, reads 1.5 A. Determine the resis- 
tance of the ac circuit. 


Solution 
(15-12) 








i 


FIGURE 25-1 
Power in a pure resistance. 


(c) Current, voltage, and 
power waveforms 
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25-2 POWER IN PURE INDUCTANCE 


If an ac circuit contains only inductance, the voltage and 
current will be 90° out of phase, as shown by the phasor 
diagram in Fig. 25-2b. Multiplying the v and i waveforms 
results in a power curve that has a frequency twice that of 
the source (Fig. 25-2c). However, over a complete cycle 
of input voltage, the power curve has an average value of 
zero. That is, the curve shows an equal alternation of pos- 
itive and negative power above and below the zero time 
axis. 

What do the terms positive and negative power mean? 
In Fig. 25-2c, the shaded portion of the power curve 
above the zero axis represents energy being delivered to 
the inductor (or load) from the source. This positive power 
actually represents a storage of energy in the magnetic 
field of the inductance. The shaded portion of the power 
curve below the zero axis represents energy returned fo the 
source from the inductor. This negative power indicates 
that a flow of energy is taking place in the opposite direc- 
tion (from load to source) when the coil’s magnetic field 
collapses. 

In a pure inductor with zero resistance, the power re- 
turned during a given quarter-cycle is the same as the 
power delivered during the preceding quarter-cycle. It is 
clear then that the average true power (P) is zero in a 
pure inductance. This simply means that if a wattmeter is 
connected to the circuit in Fig. 25-2a, it will read zero. 
Further, the load coil in Fig. 25-2a would never become 





I, 





Energy returned to source 


(6) Phasor diagram 


(a) Purely inductive 
circuit 


(c) Current, voltage, and 
power waveforms 


POWER IN AC CIRCUITS 


warm, because no power is dissipated (converted to an- 
other form or ‘‘used up’’) in that coil. 

The source, however, must be capable of delivering 
power for a quarter of a cycle, even though this power will 
be returned during the next quarter-cycle. This stored or 
transferred power is called reactive power (P,). 

In the case of a purely inductive circuit, the reactive 
power is given by 


Fe = VU (25-1) 


where: P, is the reactive (or quadrature) power,* in volt- 
amperes reactive (vars) 

V, is the voltage across the inductance, in volts (V) 

I, is the current through the inductance, in amperes 


volt-amperes reactive 


(A) 

Since V, = [Xt (20-1) 
then, P, = EX, vars (25-2) 
V2 
and, P, = — vars (25-3) 
t 


where X,, is the inductive reactance, in ohms. 
Note that the equations for reactive power are similar to 


*The subscript g in P, represents quadrature power. It is the product 
of current and voltage that are one quarter of a cycle or 90° out of phase 
with each other. Some texts use the letter Q instead of P, to represent 
reactive power. However, Q is also used for the quality of a coil. To 
avoid confusion, this text will use P, for reactive power. 


Energy delivered to 
inductance 


FIGURE 25-2 
Power in a pure 
inductance. 


POWER IN PURE CAPACITANCE 


those for true power, with X; used in place of R. You must 
remember to use vars for the unit of reactive power, how- 
ever, rather than watts. 


EXAMPLE 25-2 


Calculate the reactive power of a circuit that has an 
inductance of 4 H when it draws 1.4 A from a 60-Hz sup- 


ply. 


Solution 
X, = 2afL (20-2) 
= 27 X 60 Hz x 4H 
= 1508 0 
Ps = IX, (25-2) 
= (1.4 A)? x 1508 0 
= 2956 vars = 2.96 kvar 


Note that 1 kvar = 1 kilovar = 1000 vars. 

The importance of reactive power will be seen in a later 
section. Note the basic difference between true and reac- 
tive power: 

True power, in watts, is the product of the voltage and 
current that are in phase with each other. 

Reactive power, in vars, is the product of the voltage 
and current that are 90° out of phase with each other. 
Also, because the current Jags the voltage in an inductive 
circuit, inductive reactive power is often called lagging re- 
active power. 








(a) Purely capacitive 
circuit 


(6) Phasor diagram 
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25-3 POWER IN PURE CAPACITANCE 


For pure capacitance, the voltage and current are once 
again 90° out of phase with each other, with the current 
leading, as shown by the phasor diagram in Fig. 25-3D. 

The product of v and i gives a power curve as shown 
in Fig. 25-3c. Again, the energy that is delivered to the 
capacitor and stored in the electric field is represented as a 
positive quantity. One-quarter cycle later, all of this en- 
ergy is returned to the source as the capacitor discharges. 
Thus the average true power (P) is zero in a true capac- 
itance. This means that no power is dissipated in a pure 
capacitor and no heat develops. 

However, as was the case with the coil, reactive power 
(P,) is drawn by the capacitor, and the source must be able 
to supply this power. 

For a purely capacitive circuit, the reactive power is 
given by: 


P, = Vadlc volt-amperes reactive (25-4) 
where: P, is the reactive power, in volt-amperes reactive 
(vars) 
Vc is the voltage across the capacitance, in volts 
(V) 
Ic is the current through the capacitance, in am- 
peres (A) 

Since Vo = [Xe (23-1) 
then, P, = [X¢ vars (25-5) 
V2 
and P, = — vars (25-6) 
Xc 


where Xc is the capacitive reactance, in ohms. 


Energy delivered 
to capacitor 


Energy returned 
to source 


FIGURE 25-3 
Power in a pure capacitance. 


(c) Current, voltage and 
power waveforms 
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Again, the equations for reactive and true power are 
similar, with Xc used in place of R. But you must use 
vars, not watts, for reactive power. 


EXAMPLE 25-3 


A reactive power of 100 vars is drawn by a 10-wF capac- 
itor due to a current of 0.87 A. Calculate the frequency. 





Solution 
Pz = EX (25-5) 
P 
Xo = Bz 
C 
100 vars 
= = 1382 0 
(0.87 A)? 
1 
X =S_—lc 23-2 
C  OnfC ( 
f= 
27XcC 


ee SS 
On x 1320x1010 °F . 





Earlier, it was noted that inductive reactive power is 
referred to as lagging reactive power. In the same way, 
capacitive reactive power is known as leading reactive 
power because the current Jeads the voltage in a capacitive 
circuit. Reactive power can be measured by using a var- 
meter (a wattmeter used in conjunction with a phase-shift- 
ing circuit to provide a voltage 90° out of phase from the 
true load voltage). The product of the meter’s current and 
voltage now gives an indication of the volt-amperes reac- 





(a) Series RL circuit 


(6) Phasor diagram 


Energy delivered to circuit 





POWER IN AC CIRCUITS 


tive. The varmeter cannot, however, give a direct indica- 
tion of whether the current is leading or lagging. A method 
of doing this is considered in Section 25-6. 


235-4 POWER IN A SERIES RL 
CIRCUIT 


As you have seen, inductance is always accompanied by 
resistance. Thus, coils in motors, generators, or similar 
devices always contain both resistance and inductance. 
When an ac voltage is applied, the current (/) is neither in 
phase nor 90° out of phase with the applied voltage (V), 
as shown in Fig. 25-4). 

This means that (unlike pure resistance and pure react- 
ance) the product of the voltmeter and ammeter readings 
in Fig. 25-4a is a combination of true and reactive (quad- 
rature) power. The product of total V and total J is 
called apparent power (P,). Since it is neither true 
power in watts nor reactive power in vars, a new unit 
called the volt-ampere (VA) is used to measure appar- 
ent power. 


P, = Vol volt-amperes (25-4) 


where: P, is the apparent power,* in volt-amperes (VA) 
V7 is the total applied voltage, in volts (V) 
I; is the total circuit current, in amperes (A) 
Note the use of the subscript T to emphasize that appar- 
ent power is the product of the total applied voltage and 
current. That is, multiplying the voltmeter reading in volts 


*Some texts use the letter S to describe apparent power. We shall use 
the older but more descriptive notation P,. 





Energy returned 
to source 


FIGURE 25-4 
Power in a series RL circuit. 


(c) Current, voltage, and 
power waveforms 


THE POWER TRIANGLE 


by the ammeter reading in amperes gives the total apparent 
circuit power in volt-amperes. It will later be shown that 


P, is the vector sum of P, and P. (See Section 25-5.) 


Vr 
But ip o (24-4) 
2 
Thus P, = a (25-8) 
and P, = FZ (25-9) 


where: Z is the circuit impedance, in ohms. 

Once again, the equations for true power and apparent 
power are similar, with Z used in place of R and volt- 
amperes substituted for watts. 


EXAMPLE 25-4 


A current of 2.6 A flows through a series circuit of 300-0 
resistance and 400-Q inductive reactance. Calculate the 
apparent power drawn by the circuit. 


Solution 
Z = VA? + XxX? (24-3) 
= V (300 Q)? + (400 0)? = 500 0 
P, = FZ 


= (2.6 A)* x 500 0 
= 3380 VA = 3.38 kVA 





Note that 1000 VA = 1 kilovolt-ampere = 1 kVA. 


25-4.1 Measuring the Inductance of a 
Coil 


Figure 25-4c shows a power curve that is more positive 
than negative. This means that there is some net true 
power delivered to the circuit and dissipated in the resis- 
tance. This true power must be indicated on a wattmeter 
connected as shown in Fig. 25-5. 

If a voltmeter and ammeter are also connected as 
shown, it is possible (from the three meter readings) to 
determine the coil’s resistance and inductance, if the fre- 
quency is known. (See Example 25-5.) 


EXAMPLE 25-5 


A coil is connected to the 120-V, 60-Hz line as in Fig. 
25-5. The wattmeter indicates 525 W and the ammeter 
indicates 5 A. Calculate the inductance of the coil. 
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FIGURE 25-5 
Measuring the inductance of a coil. 





Solution 
z=" (24-4) 
120 V 
sh 
R e (15-12) 
I 
525 W 
6 Ay? 210 
Z = VR? + X? (24-3) 
X, —_ V Vig aa R? 
= (24 0/2 — (27 0/2 = 11.60 
X, = 2afL (20-2) 
= out 
11.60 
“oe xO 


NOTE The calculated resistance (21 Q) is the total ac resis- 
tance of the coil, including hysteresis and eddy current losses if 
a magnetic core is present. 

Note also that this method of measuring the coil’s inductance 
(and resistance) is limited to power line frequencies because of 
the frequency limitation of most wattmeters. 


25-5 THE POWER TRIANGLE 


The three types of power in an ac circuit have thus far 
been identified: true power in watts, reactive (quadrature) 
power in vars, and apparent power in volt-amperes. Is 
there a simple relationship among the three? Refer to Fig. 
25-6. 

You know that (see Fig. 25-6b) 


Vr = VVe + Vi 


(24-1) 
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Therefore, Vi; = Volt)? + (Wilt 
But Vor = Ps VA (25-7) 
Velr = P watts (15-14) 
Vilr = Pa vars (25-1) 
Therefore, 
P, = VP? + PZ volt-amperes (25-10) 


where: P, is the apparent power, in volt-amperes (VA) 
P is the true power, in watts (W) 
P, is the reactive power, in volt-amperes reactive 
(vars) 


This relation can be represented in a power triangle, as 
shown in Fig. 25-6c. The apparent power is represented 
by the hypotenuse of the right triangle. The true power 1S 
the product of the current and voltage in phase with each 
other and is drawn horizontally. The out-of-phase product 
of V,; and I; gives the reactive power and is drawn verti- 
cally downward. This is a convention used to show a lag- 
ging inductive reactive power, corresponding to a lagging 
current. (A capacitive reactive power is drawn vertically 
upward, corresponding to a leading current.) 

Note that no arrows are shown on the power triangle 
because the power varies at twice the frequency of the 
voltage and current in the circuit. The triangle is used to 
show the Pythagorean relationship of Eq. 25-10. 





EXAMPLE 25-6 


A series circuit of 300-0 resistance and 400- inductive 
reactance draws a current of 2.6 A. Calculate: 

a. The true power. 

b. The inductive reactive power. 

c. The apparent power. 


Solution 


a. P=TaR 
= (2.6 A)* x 300 0 = 2028 W 


(15-12) 





(a) Series RL circuit 


(6) Phasor diagram 
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b. Py = AX, (25-2) 
= (2.6 A)® x 400 0 = 2704 vars 
c. Py = VP* + P5 (25-10) 


= \/(2028 W)* + (2704 vars)* 


= 3380 VA = 3.38 kVA 


EXAMPLE 25-7 


A coil connected across the 120-V, 60-Hz line draws a 
current of 5 A. A series-connected wattmeter indicates 
525 W. Calculate: 

a. The apparent power. 

b. The reactive power. 


Solution 
a. Ps = Vylr (25-7) 
= 120 V x 5A = 600 VA 
b. P, = VP? + P2 (25-10) 


P, = VP — P 
= \/(600 VA)* — (525 W)* = 290 vars 





25-5.1 Power Triangle for a Parallel RL 


Circuit 


When a pure resistance and a pure inductance are parallel- 
connected across an ac supply, as in Fig. 25-7a, the total 
current is (see Fig. 25-7)): : 


Ip = Vig + I (24-7) 
Therefore, Var = (Vole + (Volz) 
and P,= VP’ + P- (25-10) 


where all terms are as already defined. 

Again, the power triangle can be drawn as in Fig. 25- 
7c. Evidently, Eq. 25-10 can be used for either a series or 
parallel RL combination. 


True power 
P (watts) 
L, 
Fs Reactive 
Apparent power FIGURE 25-6 
power (VA) (vars) 


Power triangle relations for a 


(c) Power triangle series RL circuit. 


THE POWER TRIANGLE 





(a) Parallel RL circuit 


(b) Phasor diagram 


EXAMPLE 25-8 


A 300-9 resistor and an inductive reactance of 400 2 
are parallel-connected across a 120-V, 60-Hz supply. 
Calculate: 

a. The true power. 

b. The reactive power. 

c. The apparent power. 

d. The current drawn from the supply. 


Solution 
a P= ve (15-13) 
_ (120 V)? 
300 naa 
b. P, = ¥ (25-3) 
L 
(120 V)? 
4000 > 36 vars 
c. P, = VP* + PZ 


= V(48 W)* + (36 vars)* = 60 VA 


d. Since P, = Vl, 


P. 60VA 
= ~ = ——=05A 
Ir VV 120V a 
Vp Ps 
F | 
| 
| 
| 
Vo ee Vp 





(a) Phasor diagram for a 
series RC circuit 


(6) Phasor diagram for a 
parallel RC circuit 


FIGURE 25-8 
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FIGURE 25-7 
Power triangle relations for a 


(c) Power triangle parallel RL circuit 


25-5.2 Power Triangle for a Series or 
Parallel RC Circuit 


Using the relationship 


Vr = VV2 + Vt (24-8) 
for a series RC circuit (Fig. 25-8a) and 
l= Vin + B (24-19) 


for a parallel circuit (Fig. 25-8b), it can be shown that 
P, = VP? + P? (25-10) 


where all terms are as previously defined. 

Note that the power triangle in Fig. 25-8c has the lead- 
ing capacitive reactive power drawn vertically upward. 
This corresponds to a current that leads the applied volt- 
age, for both series and parallel RC circuits. 

In summary, it can be said that the Pythagorean 
power equation (Eq. 25-10) can be used for all circuit 
combinations, series or parallel, RL or RC. 


25-5.3 Power Triangle for a Series or 
Parallel RLC Circuit 


When a circuit contains both inductance and capacitance, 
there is a transfer of reactive power back and forth be- 


f. P, 
(VA) (vars) 


i, it 
P (watts) 
(c) Power triangle for either 


a series or parallel RC 
circuit 


Phasor diagrams and power triangle for series and parallel RC circuits. 
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i Capacitive, 


P gc reactive 
power (leading) 


Inductive, 
Pot| reactive 
power (lagging) 





FIGURE 25-9 
Power triangle for a series or parallel RLC circuit. 


tween the inductance and the capacitance. This can be seen 
by examining Fig. 25-2c and Fig. 25-3c. During the first 
quarter-cycle, energy is being delivered to the inductance 
(positive power) at the same time that the capacitor is re- 
turning energy to the source (negative power). If both the 
capacitor and the inductor are in the same circuit (in series 
or parallel), this exchange of reactive power results in a 
reduction in the reactive power that must be supplied by 
the source. (See the power triangle in Fig. 25-9.) 

The power triangle is now represented by the following 
equation: 


P, = VP? + (Pac — Pat) 


where: P, is the apparent power, in volt-amperes (VA) 
P is the true power, in watts (W) 
P,c is the capacitive reactive power, in volt-am- 
peres reactive (vars) 
Pz is the inductive reactive power, in volt-amperes 
reactive (vars) 


volt-amperes (25-11) 


Figure 25-9 has been drawn arbitrarily with Pgc > Pyar. 
This results in a net reactive power that is capacitive. It 
Pac < Pa, the circuit draws a net inductive reactive 
power. Also, if Pyc = Pg, no reactive power is supplied 
by the source. This is an important condition, and is used 
in power factor correction. (See Section 25-8.) 





EXAMPLE 25-9 


A coil and a 12-wF capacitor are connected in parallel 
across a 240-V, 60-Hz line. The coil has an inductance 
of 0.25 H and a resistance of 75 ©. Calculate: 

a. The true power. 

b. The net reactive power. 

c. The apparent power. 

d. The total line current. 

Draw the circuit diagram and the power triangle. 


POWER IN AC CIRCUITS 


Solution 
a. The coils inductive reactance 


X, = anfL 
2a X 60 Hz X 0.25H 
= 940, 


(20-2) 


The coil’s impedance 


z= VR 4X 
= V(75 0)? + (94)? = 120 0 


The current through the coil 


(24-3) 


J=- (24-4) 


The true power 


P = IAR 
(2 A)> x 750 
= 300 W 


(15-12) 


b. The capacitor’s reactance 


1 


aos 2ufC 


(23-2) 


1 
~ Oa X BOHzZ X 12 x 10°°F 
2210, 


Capacitive reactive power 
Vo 

Xc 

(240 V)° 


= “0210 = 261 vars 


Poco = (25-6) 


Inductive reactive power 


Fak = 7X, 
= (2A)* x 940 
= 376 vars 
Net reactive power = Py — Pgc 
= 376 — 261 vars 
= 115 vars (inductive) 


(25-2) 


c. Apparent power 

P, = VP? + (Poe = Pa)? 
\/(300 W)* + (261 vars — 376 vars)* 
= 321 VA 


d. P, = Vrl+ 


(25-11) 


(25-7) 


THE POWER TRIANGLE 


Ip = 1.34A 





FIGURE 25-10 
Circuit and power triangle for Example 25-9. 


Therefore, /; = — 





The circuit and power triangle are shown in Fig. 
25-10. 


NOTE Example 25-9 provides a method of finding the total line 
current without a phasor addition of the coil and capacitor cur- 
rents. This phasor addition is not simple because the coil current 
is neither 90° nor 180° out of phase with the capacitor current. 





25-5.4 Application of a Capacitor as a 
Voltage Dropping Device* 


A leading manufacturer of elapsed-time indicators (devices 
that record the length of time a piece of electrical equip- 
ment has been energized and operating) makes a basic unit 
that operates on 12-V ac. For use with higher voltages, the 
manufacturer uses a series resistor for 24 V, but a capac- 
itor for 120-V operation. The reactance of the capacitor 
limits the current to the proper value without consuming 
any power, thus maintaining the low power consumption 
of the basic timer. This concept is illustrated in Example 
25-10. 





EXAMPLE 25-10 


An elapsed-time indicator that requires 12 V and 60 Hz 
for its operation at 50 mA has a power consumption of 
0.1 W. Calculate: 


*This section may be omitted with no loss of continuity. 





P, = 321 VA 
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P,c = 261 vars 


Net P, = 115 vars 
(inductive) 





Pot = 376 vars 


a. The series resistor and its power dissipation so the 
indicator can run on 24-V ac. 

b. The size of series capacitor that would be required 
so the indicator could run on 24-V ac. 

c. The size of series capacitor required and its voltage 
so the indicator can run on 120-V ac. 

d. The size of a series resistor and its power dissipation 
if the indicator is to run on 120-V ac. 


Solution 


a. Impedance of indicator 





V 
Z= r (24-4) 
12 V 
“005A 0% 
The resistance of the indicator may be found: 
P = FR, (15-12) 
P 0.1 W 
ML = B (O.05ae 7° o 


The reactance of the indicator may now be found: 


Z=VAE+X (24-3) 
= V(240 0)? — (40 0)? = 237 0 


Impedance of a series circuit operating at 24 V 
(see Fig. 25-11a) is 


(24-3) 
Z’ — X; 
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R = 3779,0.9W 





(a) 24-V operation with resistor 


C = 14 pF,132V 





(c) 120-V operation with capacitor 


Pr 


Rz, = 400 
P=0.1W 


Xr = 23/9 


C = 3.7 uF, 36V 





(b) 24-V operation with capacitor 


R = 2348 0, 5.9 W 


P=0.1W 


— \/(480 0)? — (237 0)? 
417 0 

M7 OF 

4170 - 400 


Il 
“1 
D 


(15-12) 
yy x S77 0 


lll 
_— 
fo) 
ro) 
oO 
> 


b. When acapacitor is used, the total impedance must 
still be (see Fig. 25-116) 


where Z 
Xo —_ Xx, 

Xo 

Xo 

Therefore, C 





V 24 V 
Ss — = — Q 
/ O05A —_ 
= V2 — Ri 
= (480 ©)? — (40 0)? 
= 478 © 
= 478 QO, + Xi 
= 4780 + 2370 
= 7150 
= (23-2) 


in 

2ufC 
1 

autXc 





(d) 120-V operation with resistor 
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FIGURE 25-11 
Circuits for Example 25-10. 


1 


~ On X 60 Hz X 7150 


3.7 x 10°°F = 3.7 pF 


Although this capacitor would work, it is a relatively 
large value and more expensive than the 377-0, 0.9-W 
resistor (nearest standard value 383-0, 2-W). For this 
reason, the manufacturer chose to use a resistor, rather 
than a capacitor, even though the total power dissipation 
of the indicator is now 0.1 + 0.9, or 1 W. 

c. At 120 V, the total impedance must be (see Fig. 25- 


11¢) 


where 





V  120V 
2=7-o05a 7 0 
Xo — X,. = V Vg —_ R? 
= \/2400° — 40° 0 
= 2400 0 
Xo = 24000 + X, 
= 2400 0 + 2370 
= 2637 0 
1 
Xo = SafC ee 


POWER FACTOR 


1 
27tXc¢ 





1 
2a Xx 60 Hz x 2637 0 
1 x 10°°F = 1 pF 


Voltage across this capacitor is 


Vo _ IXo 
0.05A x 2637 0 
= 132 V 


d. With a resistor at 120 V, the total impedance is still 
2400 © (see Fig. 25-11¢’. 


z=Va+ RT 
aw 
V 24007 — 2377 0 


= 2388 2 
R = 2388.0 - R, 
= 2388.0 — 400 
= 2348 0 
Pz = PR 
= (0.05 A)? x 2348 0 
= 5.9W 


(24-3) 
R “fe R,. = 


In this case, the manufacturer chooses to use a 1-wF 
Capacitor operating at 132 V for an indicator power con- 
sumption of only 0.1 W, rather than a 2350-0 resistor, 
for a total power consumption of 6 W. 

Note, in Fig. 25-11c, that the apparent power required 
by the circuit is 120 V x 0.05 A or 6 VA, but the true 
power drawn is only 0.1 W. 


25-6 POWER FACTOR 


The ratio of the true power delivered to an ac circuit, 
compared to the apparent power that the source must 
supply, is called the power factor of the load. 

If you examine any power triangle, as in Fig. 25-12, 
you will see that the ratio of the true power to the apparent 
power is the cosine of the angle 0. 


P 
power factor = P = cos 0 (25-12) 


where: cos 6 is the symbol for power factor (dimension- 
less) 

P is the true power dissipated in the load, in watts 
(W) 





(a) Power triangle for a series or 
parallel RC circuit 


FIGURE 25-12 
Power triangles showing that P/P, = cos 0. 


(b) Power triangle for a series 
or parallel RL circuit 


P, is the apparent power drawn by the load, in volt- 
amperes (VA) 
9 is the phase angle between current and voltage 





EXAMPLE 25-11 


A wattmeter connected to an ac circuit indicates 1 kW. If 
a voltmeter across the supply indicates 250 V when a 
series-connected ammeter reads 5 A, determine the 
power factor of the circuit. 





Solution 
Apparent power P, = Vyl; (25-7) 
= 250 V xX 5A = 1250 VA 
P 
Power factor = D. (25-12) 
1000 W 
~ j250 va 98 
If Eq. 25-12 is rearranged, you obtain 
P =P, X cos 0 
or P = V-7I, cos 0 watts (25-12a) 


Equation 25-12a is very important. It shows that the 
power factor (cos @) is simply the factor by which the 
apparent power (V7/;) must be multiplied to obtain the 
true power in watts. 

This statement can be verified by considering the phasor 
diagrams in Fig. 25-13. 

In Fig. 25-13a, the phasor diagram for a series RL cir- 
cuit shows that 
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VE 





Vr Ip 


(a) Phasor diagram for a 
series RL circuit 


(b) Phasor diagram for a 
parallel RL circuit 


FIGURE 25-13 
Phasor diagrams for (a) series and (b) parallel RL 
circuits. 


= = cos 0 
Therefore, Ve = Vrcos 8 
But P = V7ly cos 9 (25-12a) 
Rearranging, we obtain P = I;(Vr cos 9) 
and therefore, P = I7Vpr (15-14) 


This equation gives the true power, because it is the 
product of the current and the component of the applied 
voltage that is in phase with the current. 

Similarly, for a parallel circuit, as in Fig. 25-130, 


: = cos 0 
Therefore, Ip = I; cos 8 
But P = Vr (Ur cos 9) (25-12a) 
and therefore, P = Vrlr 


This equation gives the true power, because it is the 
product of the applied voltage and the component of the 
total current that is in phase with the voltage. 

To summarize, the equation P = Vzl7 cos 0 gives the 
true power in any single-phase ac circuit. It gives, in 
watts, the product of the voltage and current components 
that are in phase. This is what a wattmeter is designed to 
measure: the component of voltage that is in phase with 
current, or vice-versa. 

In a similar manner, it can be shown that the equation 


P, = Vor sin 0 vars (25-13) 


gives the product of the 90° out-of-phase components of 
voltage and current, resulting in a circuit’s reactive power. 
Sin 6 = P./P, is called the reactive factor. 

It should be clear from the preceding discussion that the 


POWER IN AC CIRCUITS 


power factor angle (@) between P and P, is the same as the 
phase angle (6) between the current and voltage. Since 0 
is determined by the circuit elements, the power factor is 
determined by the nature of the load: 


1. If the circuit is purely resistive (0 = 0°), the power 
factor, cos @, is 1 and Eq. 25-12a reduces to P = 
V,l;. The apparent power is equal to the true power. 
Also, sin 9 = 0 and Eq. 25-13 gives P, = 0; there 
is no reactive power. 


2. If the circuit is purely reactive (0 = 90°), cos 0 is 0, 


and Eq. 25-12a gives P = 0. Now, sin 8 = 1 and 
Eq. 25-13 gives P, = Vyl7; all the apparent power is 
reactive power. 





EXAMPLE 25-12 


A 240-V, 1-hp single-phase ac motor is running at full 
load and drawing a current of 6 A. An oscilloscope mea- 
surement determines a 41° phase angle between the 
current and applied voltage. Calculate: 

a. The power factor of the motor. 


b. The apparent power drawn by the motor. 
c. The true power delivered to the motor. 
d. The reactive power drawn by the motor. 
e. The efficiency of the motor. 
Solution 
a. Power factor = cos 0 (25-12) 
= cos 41° = 0.75 
b. Apparent power 
P, = Vyl7 (25-7) 
= 240 V x 6A = 1440 VA 
c. True power P = V;/; cos 0 (25-12a) 


1440 VA x 0.75 = 1080 W 


d. Reactive power 


P, = Vl; sin 0 (25-13) 
= 1440 VA x sin 41° = 945 vars 
= Foust 
~ et = 
é ficiency P,. 
_ 1hp x 746 W/hp ; 
= 40980 W W x 100% 
= 69% 





Note that the determination of efficiency compares use- 
ful output power to true input power in watts. 


POWER FACTOR 


De a 





POLYPHASE 
POWER FACTOR 





FIGURE 25-14 

One type of power factor meter. This meter 
incorporates a solid-state power factor transducer 
and a direct-current measuring mechanism. The 
instrument is suitable for three-phase, three-wire 
operation using a potential and a current 
transformer. (Courtesy of Westinghouse Electric 
Corp.) 


Even though the power factor is a positive dimension- 
less quantity, it is useful to distinguish between a capaci- 
tive load and an inductive load. Since inductive loads have 
current lagging applied voltage, an inductive circuit can be 
said to have a lagging power factor. Similarly, a capaci- 
tive load has a leading power factor. In each case, the 
power factor can be anywhere from 0 to 1, depending on 
the phase angle between the current and voltage. 

Power factor meters, like the one shown in Fig. 25-14, 
indicate what the power factor is, and whether it is leading 
or lagging. Most industrial installations have a lagging 
power factor because they use a large number of ac induc- 
tion motors. Such motors are inherently inductive. 
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EXAMPLE 25-13 


Using the results of Example 25-9, find: 

a. The power factor of the parallel combination of the 
coil and capacitor. 

b. The phase angle between the applied voltage and 
current. 


Solution 


a. True power P = 300 W 
Net reactive power P, = 115 vars (inductive) 
Apparent power P, = 321 VA 





Power factor = = (25-12) 
_ 300 W 
~ 321 VA 
= 0.93 lagging 
b. cos @ = 0.93 
6 = arc cos 0.93 


= 21.6 





Note how an almost-unity power factor implies a volt- 
age and current that are almost in phase with each other. 


25-6.1 Detrimental Effect of a Low 
Power Factor 


To show the important effect of the power factor, consider 
a 120-V, 60-Hz, 1-hp motor. Assume that it is 100% ef- 
ficient, so that it draws a true power of 746 W. Such a 
motor has a typical power factor of 0.75, lagging. 
To deliver 746 W from 120 V at a power factor of 0.75 
requires a current of 
[= — (25-12a) 
V X cos 0 = 
746 W 
= ——— = 8.3A 
120 V Xx 0.75 
Now, assume that the motor can be modified in some 
way to make the power factor unity (1). The current now 
required is 
[= a (25-12a) 
~ VX cos 0 oe 
746 W 


ove i >= 


Evidently, it requires a higher current to deliver a given 
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quantity of true power if the power factor of the load is 
less than unity. This higher current means that more en- 
ergy is wasted in the feeder wires serving the motor. In 
fact, if an industrial installation has a power factor less 
than 85% (0.85) overall, a ‘‘power factor penalty’’ is as- 
sessed by the utility company. For this reason, power fac- 
tor correction is needed in large installations. 


25-7 POWER FACTOR CORRECTION** 


Load current is higher when the power factor is less than 
unity because some of the current is needed to supply the 
reactive power. Figure 25-15 shows the power triangle and 
phasor diagrams for the 1-hp motor described in Section 
25-6.1 before power factor correction. 

In Fig. 25-15b, which has been drawn with the voltage 
phasor as reference, the 8.3-A motor current has been re- 
solved into two components. Component J, = 6.2 A is in 
phase with the applied voltage and is responsible for deliv- 
ering the useful true power (P), equal to 746 W. Compo- 
nent J, = 5.4 A supplies the inductive reactive power 
(P,), equal to 653 vars, which serves no useful purpose. 


* Although it is possible to achieve unity power factor by connecting 
a capacitor in series with the load, power factor correction is not carried 
out this way because: 
1. A reduction of the overall impedance (due to the canceling of the 
reactances) leads to an increase in line current, not a decrease. 
2. The increased line current increases the voltage across the inductive 
load to a level higher than the normal operating value. 


I, =5.4A 





(6) Phasor diagram with 
voltage used as reference 


(a) Equivalent circuit 
of motor 


FIGURE 25-15 





POWER IN AC CIRCUITS 


Now, consider adding a capacitor in parallel with the 
motor, as in Fig. 25-16a.* Further, the capacitor will be 
one whose reactance will draw a leading current of 5.4 A, 
as in Fig. 25-16b. 

The total line current (supplied by the source) is now 





given by Jr = I, = 6.2 A, since Ic + I, = O (equal and 
opposite currents). 
Ve 
Xc = = (23-1) 
ic 
120 V 
= —— = 22 0 
5.4 A 
But Xc = —_ 23-2 
C= OAC (23-2) 
ThereforeC = 
2TfXc 
| 


> <hiE x 220° 


The function of the capacitor is to provide the inductive 
portion of the motor with the reactive power it needs in- 
stead of drawing this power from the source. In other 
words, the reactive power is transferred back and forth be- 
tween the capacitor and the inductance. In fact, for unity 
power factor (cos 8 = 1), the capacitor can be chosen to 
draw the same reactive power as the inductance: 


Inductive reactive power, 


Pox aa Vor sin 8 


= 120 V X 8.3 A X sin 41° = 653 vars 


(25-13) 


**This section may be omitted with no loss of continuity. 





(c) Power triangle 


Phasor diagram and power triangle for a 1-hp motor before power factor 


correction. 


POWER FACTOR CORRECTION 


1p =6.2A 





(a) Circuit of motor and 
parallel capacitor 


Ip =5.4A 


1,=5.4A 
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(b) Phasor diagram 


Pc = 653 vars (capacitive) 


P_, = 653 vars (inductive) 


FIGURE 25-16 

Phasor and power 
diagrams for 1-hp motor 
after power factor 
correction. 


A series-connected ammeter, however, will decrease from 
8.3 to 6.2 A following power factor correction. 
This illustrates an important precaution to observe when 


P =746W . 
Zero net reactive power 
q 
(c) Power diagram 
2 
os ; C 
Capacitive reactive powerP,c = > (25-6) 

C 
Ve 


Therefore, Xe = 


Pac 
For unity power factor correction, 


Poo = Po, = 053 vars 


(120 VJ 

Xo = S220 
Therefore, C 653 vars 
and C= 220k 


It should be noted that if a wattmeter is connected to 
measure the power delivered to the motor (before power 
factor correction), it would indicate 746 W. This occurs 
because the wattmeter’s operation takes into account the 
phase angle of 41° between the voltage and current. After 
power factor correction, the wattmeter still reads 746 W.* 


*It should be noted that the power factor of a motor varies consider- 
ably with the variation in mechanical load connected to it. When the 
motor is idling or supplying a very light load, the power factor is very 
low; when the motor is running at the rated load, the power factor rises 
to approximately 0.7 or 0.8. Capacitors for power factor correction are 
usually chosen on the basis of full load. There are also power factor 
controllers that monitor the load current and automatically reduce the 
applied voltage when the current is light, improving the power factor and 
reducing losses. 


using a wattmeter in highly reactive circuits: if the power 
factor is very close to zero, the meter deflection will be 
very small (even though a very Jarge current may be pass- 
ing through the meter). Standard practice calls for using a 
series-connected ammeter to ensure that the wattmeter’s 
current rating is not knowingly exceeded. 

Similarly, a transformer’s rating is given in kilovolt- 
amperes (kVA) because, if an inductive or capacitive load 
is connected, an appreciable current can flow, even though 
very little true power is delivered. Thus, a 1-kVA trans- 
former rated at 250 V can deliver a maximum of 4 A. If 
the load power factor is 0.7, the true power is only 700 
W, but the transformer would be working at its limit of 
1000 VA. The transformer must not be asked to deliver 
1000 W unless the load is purely resistive (has a power 
factor of unity). 

Although it is possible to correct the power factor of 
each inductive load (see Fig. 25-17), large industrial in- 
stallations often involve use of banks of parallel capacitors 
connected across the line where the service enters the 
building. Also, it is not usually economical to correct to 
unity power factor. Therefore, just sufficient capacitance 
is added to improve the power factor so that it is above the 
penalty level. It is also possible to improve the power fac- 
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FIGURE 25-17 


The rectangular enclosure in the foreground 
contains power factor correction capacitors for the 
three-phase 480-V motor in the background. The unit 
contains six capacitor cells to provide a terminal-to- 
terminal capacitance of 144 pF rated at 25 kVAR. 
(Courtesy of Aerovox® Inc.) 


tor by using large synchronous motors that can be adjusted 
to run at a leading current to offset the inductive load. 
These motors can then be used to provide some useful 
work, as well as to help correct the power factor. 
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EXAMPLE 25-14 


A 15-W desk-type fluorescent lamp has an effective re- 
sistance of 200 when operating. It is in series with a 
ballast that has a resistance of 80 © and an inductance 
of 0.9 H. The lamp and ballast are operated at 120 V, 60 
Hz. Calculate: 

a. The current drawn by the lamp. 

The apparent power. 

The power in the fluorescent lamp. 

The power dissipated in the ballast. 

The overall power factor. 
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POWER IN AC CIRCUITS 


f. The reactive power. 

g. The size of the capacitor to provide unity power fac- 
tor. 

h. The current drawn after power factor correction. 


Solution 
a Z= VRF+ X (24-3) 
Rr = Riamp 7 Roallast = 200 Q + 80 Q, = 280 0 
X, = 2afL (20-2) 


= 27 xX 60 Hz X 0.9H = 339 0 


Therefore, Z = V/(280 ©)* + (339 0)* = 440 0 


V 
j= = 
> (24-4) 
120 V 
= OO 0.27 A 
See Fig. 25-18. 
b. P, = Vil (25-7) 
= 120 V x 0.27 A = 32.4 VA 
C. Piamp = laRiamp (15-12) 
= (0.27 A)? x 2000 = 14.6 W 
d.  Pratiast = lRpaliast (15-12) 
= (0.27 A)? x 800 = 5.8 W 
P 
e. Power factor = — (25-12) 
Ps 
20.4 W 
32.4 VA itd 
f. Pg aad Vrlr sin 0 (25-13) 


cos 0 = 0.63 
6 = cos ' 0.63 = 51° 


Therefore, P, = 32.4 VA x sin 51° = 25.2 vars 
g. Poc = Poi = 25.2 vars 





Vo 
= X. (25-6) 
so that Xo = Ve 
Pat 
_ M20Vvy _ 
~ 95.2 vars anes 
1 
Xe = => - 
DakC (23-2) 
1 
Therefore, C = 
erefore, C OntX 
1 
= on x 60Hz x 571 VORP 
h. P = Vl; cos 8 (25-12a) 


The total power has not changed, 


P=146W+58W 


POWER IN THREE-PHASE CIRCUITS 


fe 0.27 A Riamp = 200 Q cos @ = 0.63 


Ppballast = 5.8 W 


Ropallast = 802 L=0.9H 


(a) Fluorescent lamp circuit before power factor correction 


I7 =0.17A 0O.27A 
—— ———>- Riamp = 200 2 


Ppallast = 5.8W 





cos = 1.0 





Rpallast = 8002 L=0.9H 
(b) Circuit after power factor correction 


FIGURE 25-18 
Circuits for Example 25-14. 


cos 86 = 1 


a 
V; cos 0 
20.4 W 


“Foovxd Cl7A 


Therefore, /; = 
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25-8 POWER IN THREE-PHASE 
CIRCUITS 


The power delivered to a load (balanced or unbalanced, 
that is, having equal or unequal line currents) in a three- 
phase, three-wire system can be measured using two watt- 
meters connected as in Fig. 25-19. 

The total power is given by the sum of the two watt- 
meter readings 


Wr — WwW, + W> (25-14) 


If the wattmeters are connected symmetrically with re- 
spect to the marked terminals, but one of the meters reads 
backwards, reverse the current coil connections on that 
meter and treat the resulting reading as a negative quantity 
in Eq. 25-14. 

If the three-phase load is balanced—if there are equal 
line currents and voltages—the total true power can be cal- 
culated using 


P = V3 VI cos 0 watts (25-15) 


where: P is the total true power in the load, in watts (W) 
V is the line-to-line voltage, in volts (V) 
I is the line current, in amperes (A) 
8 is the phase angle between V and / 





EXAMPLE 25-15 


Two wattmeters are connected as in Fig. 25-19 to mea- 
sure the power delivered to a three-phase, delta-con- 






~, Balanced or 
unbalanced load 


FIGURE 25-19 

Measuring total power in a 
three-phase three-wire 
system using two 
watimeters. 
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nected motor. One wattmeter reads 432 W and the other 
reads 1092 W. If the motor draws 2.5 A on each line at 
440 V, calculate the power factor of the motor. 


Solution 
P= W, = W, + Wz (25-14) 
= 4382 W + 1092 W = 1524 W 
P = V3 Vi cos 0 (25-15) 
Therefore, cos 0 = =a 
— V3 Vi 
1524 W 0.8 


~ \/78 x 440V X 25A~ 





25-9 MAXIMUM POWER TRANSFER 


In Chapter 9, you learned that maximum power is trans- 
ferred to a load from a dc source when the load resistance 
(R) equals the internal resistance of the source (7). 

For an ac source, you must consider the internal imped- 
ance of the source to determine what load receives maxi- 
mum power. (Refer to Fig. 25-20.) 

The total impedance of the circuit is at a minimum if 
the capacitive reactance of the load equals the inductive 
reactance of the source (or vice-versa, if the internal 
impedance of the source happens to be capacitive). Maxi- 
mum current flows, and if Rijoaq = 7, Maximum power 
transfer occurs (as in a dc circuit). 

A load that has the same resistance as the source 
and the opposite (but equal) reactance is said to be the 
conjugate of the source impedance. Thus, for maximum 
power transfer in an ac circuit, the load impedance 
must be the conjugate of the source impedance. 

If a transformer is used to match a load to a source (as 
in Section 18-1.4), Eq. 18-10 must be modified to the 
more general form: 


Z, =a@Z, ohms (25-16) 


where: Z, is the impedance reflected into the primary, in 
ohms (Q2) 
Z;, is the impedance of the load on the secondary, 
in ohms (Q2) 


; ; N 
a is the turns ratio of the transformer (%) , di- 


Ss 


mensionless 


POWER IN AC CIRCUITS 





FIGURE 25-20 
Load impedance must be the conjugate of the 
internal impedance for maximum power transfer. 


Thus, if a load has a resistance of 5 Q in series with an 
inductive reactance of 2 Q, and if the transformer turns 
ratio is 4:1, the impedance reflected into the primary con- 
sists of a resistance of 47 x 5 Q = 80 in series with 
an inductive reactance of 47 x 2 0, = 32 Q. The neces- 
sary source impedance to provide maximum power transfer 
would consist of 80 2 of resistance in series with 32 ( of 
capacitive reactance. (This neglects the resistance and re- 
actance of the transformer itself.) See Problem 25-28. 
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EXAMPLE 25-16 


A 10-V, 60-Hz supply has an internal resistance of 10 

and an inductance of 10 mH. A relay coil is to be con- 

nected whose inductance is known to be 50 mH. Deter- 

mine: 

a. The resistance of the coil for maximum power trans- 
fer. 

b. The size of capacitor to be connected in series with 
the coil to provide maximum power transfer. 

c. The power delivered to the coil with the capacitor. 

d. The power delivered to the coil without the capacitor. 


Solution 


a. Coil resistance Ricuag = fr = 100 

b. The capacitive reactance of the capacitor must equal 
the total inductive reactance of the source and load 
to minimize the impedance. 


X, = 2nfL; (20-2) 
= 2n x 60 Hz x (10 + 50) x 10°°H 
= 2260, 
tee (23-2 
C  QafC 


SUMMARY 


1 


Th = —— 
erefore, C OntX. 


1 
Qn xX 60 Hz X 22.60 
117 pF 


c. Since the reactances of the circuit have canceled 
each other, the impedance of the circuit is now 
purely resistive and equal to 20 ©. 
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= V(20 0)* + (22.6 0)? = 30.2 0 


(24-4) 





Pr — [ZR 
= (0.33 A)? x 100 = 1.1 W 


(15-12) 


Example 25-16 illustrates an important effect called se- 
ries resonance. When the capacitive and inductive react- 
ance cancel, the circuit becomes purely resistive and max- 
imum current flows. For any given capacitor and inductor, 
this condition exists at only one frequency, so the circuit 
is said to be frequency-selective. Such a circuit can be used 
to “‘tune in’’ a desired frequency, as explained in the next 


V 
/=-s 24-4 
5 (24-4) 
10 V 
Poot — [ZR (15-12) 
= (0.5 A)? x 100 = 2.5W 
d. Z= VRF+ X (24-3) chapter. 
SUMMARY 
1. Power dissipated in resistance is called true power, and is measured in watts. It 
can be calculated using the equations: 
V2 
P = BR = — = Vplp 
R 

2. Power delivered to a pure inductance is called reactive power, and is measured in 
vars. Reactive power is returned to the source, and is not dissipated in the induc- 
tance. Inductive reactive power can be calculated using the equations: 

V2 
P, = i, == = Vil 
Xr, 

3. Reactive power delivered to a capacitor during one quarter-cycle is returned to the 
source during the next quarter-cycle. Capacitive reactive power, in vars, can be 
calculated using: 

V2 
P, = [2Xc = — = Vee 
Xc 

4. The apparent power delivered to a series or parallel RL or RC circuit is the product 
of the applied voltage and total circuit current, and is measured in volt-amperes 
(VA). Apparent power can be calculated using 

Vr 
P= Te oe Vale 
5. True power, reactive power, and apparent power can be represented in a power 


triangle with the inductive reactive power drawn vertically downward and the ca- 
pacitive reactive power drawn vertically upward. The Pythagorean power equa- 
tion, P? = P* + P applies to any ac circuit combination. 
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6. If an ac circuit contains both inductance and capacitance, there is an exchange of 
reactive power between the two so that the source must supply only the net reac- 
tive power 

7. The power factor of a circuit is defined as the ratio of the true power in the circuit 
to the apparent power, and is given by 

cos 8 = P/P, 
8. The true power in a single-phase ac circuit can always be obtained by using 
P = V7I7 cos 0 watts 
and the reactive power can be obtained by using 
P, = Vrlr sin 9 vars 

9. Inductive loads have a lagging power factor; capacitive loads have a leading power 
factor. 

10. A low power factor means that a higher current is required to deliver a given 
amount of true power than if the power factor is near unity. 

11. Power factor correction requires that a capacitor be connected in parallel to draw 
the same amount of leading capacitive reactive power as the initial lagging induc- 
tive reactive power of the load. 

12. The total power delivered to a three-phase, three-wire system can be measured 
using two wattmeters and finding the algebraic sum of their readings. 

13. Ina balanced three-phase load, the total true power can be calculated using 

P = V3 VI cos 0 

14. Maximum power transfer occurs in an ac circuit when the load impedance is the 
conjugate of the internal source impedance. 

SELF-EXAMINATION 


Answer true or false or a, b, c, or d for multiple choice 
(Answers at back of book) 
25-1. Only resistance causes true power to be dissipated. 
25-2. A wattmeter always shows the true power dissipated in an ac circuit, even if 


25-3. 


the circuit contains inductance and capacitance. 

A purely resistive ac circuit only involves positive power whereas a purely 
inductive or capacitive circuit shows equal positive and negative power alter- 
nations. 


25-4. The apparent power delivered to a purely inductive circuit is zero. 


25-5. Ifa purely inductive circuit has a reactance of 120 (, the reactive power drawn 
by the circuit from a 120-V, 60-Hz supply is 
a. 14,400 vars 
b. 14.4 kvars 
c. 120 vars 
d. either part (a) or (b) 
25-6. If a capacitor of 240-Q, reactance draws a current of 2 A, the reactive power 


supplied to the capacitor is 


POWER IN AC CIRCUITS 


SELF-EXAMINIATION 


25-7. 


25-8. 


25-9. 


25-10. 


25-11. 


25-12. 


25-13. 


25-14. 


25-15. 


25-16. 


25-17. 


25-18. 


25-19. 


25-20. 


a. 960 vars 
b. 480 vars 
c. 60 vars 

d. 240 vars 


If a circuit has an impedance of 800 © and draws a current of 10 A, the 
apparent power is 


a. 8000 VA 
b. 80kVA 
c. 8kKVA 


d. either part (a) or (c) 
If a wattmeter indicates 300 W and a varmeter indicates 400 vars, the apparent 
circuit power is 


a. 2500 VA 
b. 25,000 VA 
c. 500 VA 

d. 700 VA 


The Pythagorean power equation only applies to series and parallel RL circuits. 


When an ac circuit contains both inductance and capacitance, in series or par- 
allel, the net reactive power is always given by Py = Pye — Pap 

If a circuit has more inductive reactive power than capacitive reactive power, 
the circuit has a lagging power factor. 

The power factor is the factor by which the reactive power must be multiplied 
to obtain the true power. 

True power is the product of the in-phase components of voltage and current 
while reactive power is the product of the 90° out-of-phase components of 
voltage and current. 

If a wattmeter indicates 400 W, a series-connected ammeter indicates 2 A, and 
a parallel-connected voltmeter indicates 250 V, the power factor is 

a. 2 


b. “O25 
c. 0.4 
d. 0.8 


The major problem with low power factor circuits is the relatively high current 
necessary to deliver a given true power. 

Power factor correction (to unity power factor) requires the addition of a ca- 
pacitor in parallel with the circuit to make the applied voltage and circuit cur- 
rent in phase with each other. 

When an ac motor has had its power factor corrected, the motor is more effi- 
cient. 

If, in trying to correct a load’s power factor, too large a capacitor is connected, 
there may be no reduction in the line current and in fact the current may in- 
crease. 

Two wattmeters can be used to measure the total power in a three-phase, three- 
wire system only if the three line currents are equal. 

If an ac source has an impedance consisting of 100 QO resistance and a capaci- 
tive reactance of 50 (2, the required load impedance for maximum power trans- 
fer is 

a. R= 1000, X; = 100 

b. R= 1000, Xe = 500 
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50 0, Xc = 50 O 
= 1000, X, = 500 


QO. 0 
aa 
| 


REVIEW QUESTIONS 


13. 


14. 


Distinguish, in your own words, between true power and reactive power. 

Explain why a wattmeter has zero deflection when connected in a purely inductive 

or capacitive circuit. 

What do you understand by ‘‘positive’’ power and ‘‘negative’’ power? 

Why can’t we use watts to describe reactive and apparent power? 

Under what conditions is the apparent power equal to 

a. True power? 

b. Reactive power? 

Describe a method to measure the inductance of a coil that requires a wattmeter. 

a. Why is this method limited to power line frequencies? 

b. If you measured the resistance of the coil with an ohmmeter, would you 
expect the reading to be higher or lower than the resistance obtained from the 
wattmeter and ammeter readings? Why? 

a. How does a power triangle drawn for an inductive load differ from one drawn 
for a capacitive load? 

Why are no arrows shown on power triangles? 

c. Does a power triangle drawn for a series RL circuit differ from one drawn for 
a parallel RL circuit? Why or why not? 

d. Under what conditions does a power diagram for a series or parallel RLC 
circuit not result in a triangle? 

a. Describe in your own words what is meant by “‘power factor.’’ 

b. Describe two methods of measuring a circuit’s power factor. 

c. What is the range of possible values for the power factor of a circuit? 

How must the apparent power quantity be modified to obtain: 

a. True power? 

b. Reactive power? 

Explain how the equation P = V7l7 cos 0 gives the product of the in-phase com- 

ponents of current and voltage for true power in any single-phase ac circuit (series 

or parallel). 

What is meant by leading and lagging power factors? 

a. Why is a low power factor considered detrimental when supplying ac power 
from a source? 

b. Give two reasons why a low power factor can be costly both to the consumer 
and the supplier of ac power. 

a. What is the general principle used to select a capacitor to provide unity power 
factor correction? 

_ What is the primary effect of correcting the power factor? 

c. How can a motor and its supply system, including feeder wires, be considered 
more efficient following power factor correction if the true power delivered to 
the motor is unchanged? 

a. Draw a circuit diagram showing how to connect two wattmeters to measure 
the total power delivered to a load in a three-phase, three-wire system. 

b. What would you do to obtain the total power if one of the wattmeters read 
backward? 


POWER IN AC CIRCUITS 


PROBLEMS 


15. a. 


What is the maximum power transfer theorem as applied to an ac circuit? 


b. What is meant by the term conjugate? 


PROBLEMS 


(Answers to odd-numbered problems at back of book) 


25-1. 


25-2. 


25-3. 


25-4. 


25-5. 


25-6. 


25-7. 


25-8. 


25-9. 


25-10. 


25-11. 


25-12. 


25-13. 


A wattmeter, connected in an ac circuit, indicates 240 W. An ammeter, con- 
nected in series with the wattmeter, reads 4.5 A. Determine the resistance of 
the ac circuit. 

An oscilloscope indicates 340 V p-—p across the only resistor in a series ac 
circuit that draws a current of 600 mA. Calculate: 

a. The resistance of the circuit. 

b. The reading of a wattmeter connected to the circuit. 

A 2-H coil of negligible resistance is connected across the 120-V, 60-Hz line. 
Calculate: 

a. The coil’s reactive power. 

b. The coil’s apparent power. 

A coil of 100-Q resistance and 0.8-H inductance draws a current of 400 mA 
from a 60-Hz supply. Determine the reading of a varmeter connected to the 
circuit. 

A bank of capacitors used for power factor correction draws a reactive power 
of 20 kvars from a 550-V, 60-Hz, single-phase supply. Determine the amount 
of capacitance. 

How much reactive power is supplied to a 50-~F motor-starting capacitor op- 
erating at 220 V, 60 Hz? 

What is the apparent power supplied to a circuit that draws a current of 300 
mA at 230 V? 

What maximum current can be supplied by a 7.5-kVA transformer with a 240- 
V secondary? 

A series circuit of 250-© resistance and 150-0 inductive reactance draws a 
current of 1.8 A. What is the apparent power drawn by the circuit? 

A coil is connected to the 220-V, 60-Hz line in series with an ammeter and 
wattmeter. If the ammeter indicates 1.25 A and the wattmeter indicates 80 W, 
calculate: 

a. The inductance of the coil. 

b. The quality of the coil. 

A series circuit of 220-Q, resistance and 0.4-H inductance draws a current of 
700 mA from a 60-Hz supply. Calculate: 

a. The true power. 

b. The reactive power. 

c. The apparent power. 

A relay coil connected across a 24-V, 50-Hz supply draws a current of 200 
mA. If a series-connected wattmeter indicates 3 W, calculate: 

a. The apparent power. 

b. The reactive power. 

A 470-Q resistor and a 150-mH coil of negligible resistance are connected in 
parallel across a 100-V, 400-Hz supply. Calculate: 

a. The true power. 

b. The reactive power. 
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25-14. 
25-15. 


25-16. 


25-17. 


25-18. 


25-19. 


25-20. 


25-21. 


25-22. 
25-23. 


25-24. 


25-25. 


c. The apparent power. 

d. The circuit’s power factor. 

Repeat Problem 25-13 assuming that the coil has a resistance of 500 22. 

A 1-yF capacitor and a 100-Q, resistor are series-connected across a 20-V, 1- 
kHz source. Calculate: 

a. The true power. 

b. The reactive power. 

c. The apparent power. 

d. The circuit’s power factor. 

Repeat Problem 25-15 with the two components connected in parallel across 
the source. 

A 50-pF capacitor, a 47-O, resistor and a 100-mH coil of negligible resistance 
are connected in parallel across the 120-V, 60-Hz line. Calculate: 

The true power. 

The net reactive power. 

The apparent power. 

The total line current. 

. The power factor of the circuit. 

Repeat Problem 25-17 assuming that the coil has a resistance of 40 0. Draw 
a power triangle. 

A circuit drawing a current of 8.5 A from a 220-V, 60-Hz supply is known to 
have a lagging power factor of 0.6. Calculate: 

a. The phase angle between the applied voltage and current. 

b. The apparent power. 

c. The true power. 

d. The reactive power. 

A 220-V, 14-hp, single-phase ac motor is running at full load and drawing a 
current of 9 A. The phase angle between the applied voltage and the current iS 
measured to be 35°. Calculate: 

a. The power factor of the motor. 

b. The apparent power. 

c. The true power. 

d. The reactive power. 

e. The efficiency of the motor. 

How much current is drawn by a 120-V, 60-Hz, 75% efficient, 1-hp, single- 
phase motor when operating at the following power factors: 

a. 0.7 lagging. 

b. 0.9 lagging. 

c. 10, 

d. 0.9 leading? 

Repeat Problem 25-21 assuming the use of a three-phase motor. 

For the circuit of Problem 25-19 calculate: 

a. The capacitance required to provide unity power factor. 

b. The line current following power factor correction. 

For the circuit of Problem 25-20 calculate: 

a. The capacitance required to provide unity power factor at 60 Hz. 

b. The line current following power factor correction. 

Repeat Example 25-14 assuming that the ballast is replaced by one that has a 
resistance of 50 Q and an inductance of 1.1 H. What visual effect would be 
noticed with the new ballast? 
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POWER IN AC CIRCUITS 


PROBLEMS 


25-26. 


25-27. 


25-28. 


25-29. 


What capacitance must be connected across a 120-V, 60-Hz, 75% efficient, 1- 

hp, single-phase motor operating at a 0.7 lagging power factor to produce an 

overall 0.9 leading power factor? 

Two wattmeters, connected to measure the total power delivered to a 5-hp, 

three-phase, delta-connected motor, indicate 2860 and 1440 W, a a 

If the motor draws 5.2 A on each line at 550 V, calculate: 

a. The motor’s power factor. 

b. The motor’s efficiency. 

A 40-V p-p sinusoidal source at 1 kHz has an internal impedance consisting 

of 100-Q) resistance in series with a 4-wF capacitor. A transformer is to be 

selected to maximize power transfer to a 4-( resistive load. Calculate: 

a. The necessary turns ratio of the transformer. 

b. The amount of inductance that must be in series with the 4-Q resistance 
load to provide maximum power transfer. 

c. The power delivered to the load with the transformer and inductance, as- 
suming that the transformer is 100% efficient. 

d. The power delivered to the load without the inductance. 

e. The power delivered to the load if connected directly across the source. 

A transmitter operating at 2 MHz delivers maximum power to an antenna when 

the antenna is ‘‘tuned’’ to represent a load of 150-pF capacitance in series with 

a resistance of 150 (2. Determine the internal impedance of the transmitter. 
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The antenna of a radio or TV receiver has voltages induced in it 
by the radio frequency signals from many different stations and TV 
channels. This chapter discusses how it is possible to select a 
desired band of frequencies and reject other signals. 


Both series and parallel RLC circuits can be tuned to resonate 
at a frequency equal to that assigned to the desired broadcasting 
station. The resonant circuit, in addition to being able to receive a 
single center or carrier frequency, is sensitive to some band of 
frequencies emitted by the transmitter. By proper selection of 
components, the circuit's bandwidth can be made to receive all 
the transmitted information while rejecting the frequencies of 
adjacent stations. Stations must operate at specific frequencies 
assigned by the Federal Communications Commission and adjust 
their bandwidths so that there is no overlap. 


In a series RLC circuit, there is a resonant rise of voltage across 
the reactive components that is (if the Q of the circuit is large) 
many times /arger than the input voltage. Similarly, a resonant rise 
of the tank current occurs in a parallel RLC circuit, which can be 
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much larger than the /ine current. Since both these effects are 
frequency selective, it is possible to discriminate against all other 
undesired frequencies by tuning in a desired station. 


26-1 SERIES RESONANCE 


In Section 24-7, you examined the basic relationship 
among the current, voltage, and impedance in a series RLC 
circuit. Now, the way in which such a circuit reacts to a 
variable frequency source will be examined. (See Fig. 26- 
ba) 

You know that 


Z = VR? + (X, — X0)’ (24-16) 
V 
l= 24-4 
7 (24-4) 
X, —X 
and § = arc tan 3 (24-17) 


The way in which X; and X¢ vary as the frequency 
increases is shown in Fig. 26-1b. The inductive reactance 
(X;) is a positive increasing quantity; the capacitive react- 
ance (X) is a positive decreasing quantity. Clearly, there 
is some frequency (f,) where the difference of X;, and Xc, 
(X; — Xc) is zero. That is, the net reactance of the circuit 
is Zero. 

Thus, if the frequency of the source is adjusted to f,, 
the reactances cancel and the impedance of the circuit 
is a minimum and equal to R (see Eq. 24-16). Also, 
from Eq. 24-4, when the impedance Z is a minimum, 
the current J is a maximum, and equal to V/R. From 
Eq. 24-17, the phase angle (0) is zero. That is, the cur- 


V 


variable 


Xp = XC 


O 


(a) Series RLC circuit 





fr 


(6) Variation in X,; and Xewith f 


rent and applied voltage are in phase. All of these con- 
ditions occur at what is called the resonant frequency 
(f,), and the series circuit is said to be in a condition of 
series resonance. 

The conditions in the circuit at frequencies below, at, 


and above the resonant frequency are illustrated in Exam- 
ple 26-1. 





EXAMPLE 26-1 


A series RLC circuit consists of R = 10 0, L = 200 pH, 
and C = 50 pF. A 100-mV variable frequency supply is 
connected to the circuit. Determine the following for fre- 
quencies of (1) 1 MHz, (2) 1.59 MHz, and (3) 2.2 MHz 
and present in tabular form. Also draw a phasor diagram 
for each frequency. 

a. The impedance. 

b. The phase angle. 

c. The current. 
d 


Va, Vi, and Vo. 
Solution 
1. a Atf=1 x 10° Hz, 
X, = 2afL (18-2) 
= 27 X 1 X 10° Hz X 200 x 10°°H 
= 1257 0 


FIGURE 26-1 

Effect of a variable 

f frequency on a series 
RLC circuit. 
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_ \/R+ (xX, XP : 
X - - (23-2) Z R° + a Xc) . (24-16) 
= V(10 O)* + (2 kO — 2 kQ) 
= 1 = 10 O (resistive) 
Qa X 1 X 10° Hz x 50 x 10°" F a 2 
— 3183 0 b. 6 = arc tan RO (24-17) 
Z=V A+ X= Xc)* (24-16) 2kO — 2kO ; 
= V0 OF + (1257 0 — 3183 0 =n Gg 
= 1926 2 (capacitive) — te V (24-4) 
b. 6 = arctan a he (24-17) . 
R _ 100 mV — 10 mA 
= arc tan Ss = —89.7° —_ 
100 d. Va =/R (13-15b) 
e. Pes (24-4) = 10 x 10°°A x 109 = 100 mV 
Z Vv. = x, (20-1) 
= OOM . bio = 10 x 10°°A x 2x 10° = 20V 
1.926 kO. Vo = [Xe (23-1) 
d. Va = IR (13-15b) = 10x 10°°A x 2 x 10° = 20V 
= 51.9 x 10°°A x 100 
—~ 0.5 mv 3. Similarly, at f = 2.2 MHz, 
Vi =D (20-1) a. X, = 27640, Xo = 1447 Q, 
~ 519 x 10-8 A x 12570 Z = 1317 (inductive) 
= 65.2 mV b. 6 = 89.6° 
V-= Dh (23-1) c. | = 75.9 pA 
519 x 10-8 A x 3183.0 d. V,_ = 0.76 mV, V, = 209.8 mV, 
— 165.2 mV Vo = 109.8 mV 
2. a. Atf = 1.59 x 10° Hz, See Table 26-1. 
X, = 2afLl (18-2) The phasor diagrams for the three frequencies are 
= 2m x 1.59 x 10°Hz x 200 x 10°°H SHO PGs eos: 
= 2 kO 
XY. = a. (23-2) In Example 26-1, the inductive and capacitive react- 
© QafC ances are equal when the frequency is 1.59 MHZ, the cir- 
_ 1 cuit is purely resistive, and the maximum current flows. 
~ On X 1.59 X 10°Hz x 50 x 10°" F Thus the resonant frequency of the circuit must be 1.59 
=~ 2kO MHz. 
TABLE 26-1 


Circuit Conditions in a Variable Frequency Circuit 






Frequency X,, Xo, X, — Xe, D Z, 0 I,mA Vr Vv. Ve 
1 MHz 1297 3183 — 1926 1926 = Oo 7 0.05 0.5 mV 65 mV 165 mV 
(Capacitive) 
1.59 MHz 2000 2000 0 10 0° 10.0° 100 mV 20 V 20 V 
(Resistive) 
2.2 MHz 2764 1447 1317 1317 89.6" 0.08 0.8 mV 210 mV 110 mV 


(Inductive) 


RESONANT FREQUENCY 


V,=20V 


Vp = Vp =100mvV 





V. = 20V 


ia) f < f, 


circuit is capacitive, 


(b) f =f, 


Circuit is resistive. 


26-2 RESONANT FREQUENCY 


You can find the resonant frequency of any series circuit 
by noting that resonance occurs when X, = Xe: 


X, = Xc 
1 
2af,L = —— 
Th 27f.C 
1 
ee ge 
tr An’?LC 


Therefore, (26-1) 


fi, = TF hertz 
where: f, is the resonant frequency of a series circuit, in 
hertz (Hz) 
L is the inductance of the circuit, in henrys (H) 
C is the capacitance of the circuit, in farads (F) 
Note that the resonant frequency of a series circuit is 
independent of the circuit’s resistance. 





EXAMPLE 26-2 


Calculate the resonant frequency of the circuit in Exam- 
ple 26-1, where R = 10 0, L = 200 wH, and C = 50 
pF. 


Solution 


1 
I, = o7\/LC 





(26-1) 


925 


V, = 210 mV 






= 100 mV 


Vo = 110 mV 
FIGURE 26-2 
Phasor diagrams for 
series RLC circuit of 
(c) f>f,, Example 26-1 (not 


circuit is inductive. drawn to scale.) 


1 
— 2/200 x 10-°H x 50 x 10°F 
1.59 x 10° Hz 
= 1.59 MHz 





EXAMPLE 26-3 


What value of capacitance is necessary to provide series 
resonance with a 30-mH coil at 1 kHz? 


Solution 
oe (26-1 
"  Qarv/LCO ) 
Therefore, Anw*f?LC = 1 
1 
and C= 


Ag f?L 
7 1 
~ 4m? x (1 xX 10° Hz)? x 30 x 10°-9H 


= 0.84 pF 
ne A ee ee 


Example 26-1 showed the characteristics of a series cir- 
cuit at three specific frequencies. If calculations for Z, J, 
and @ are made at other frequencies and plotted on a 
graph, the effect above and below the resonant frequency 
is as Shown in Fig. 26-3. 
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Zmin =f 








6 


(90° 
Leading 
(capacitive) ) 45° 


Lagging 
(inductive) 


FIGURE 26-3 


~~ 


(c 
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(a) Impedance variation 
with frequency 


Current variation 
with frequency 


Phase angle of 
current with respect to 
voltage 


Effect of varying frequency on (a) impedance, (6) current, and (c) 


phase angle in a series RLC circuit. 


Note that at the resonant frequency (/,): 


1. The circuit impedance is a minimum, equal to the 
resistance (R). 

2. The circuit current is a maximum, equal to V/R. 

The circuit reactance is zero, since Xc = X;. 

4. The circuit current is in phase with the applied 
voltage; 9 is zero. 


- 


26-3 SELECTIVITY OF A SERIES 
CIRCUIT 


The graph of J versus f in Fig. 26-3b shows that the circuit 
is selective in its response to a certain band of frequencies 
around the resonant frequency. That is, at frequencies that 
are much higher or lower than the resonant frequency (f;), 


the current in the circuit is very low. The circuit is said to 
have a low response, or is not very sensitive to these fre- 
quencies. The frequency selectivity of a resonant circuit is 
its most important characteristic. In order to compare the 
selectivity of one circuit with another, we refer to the 
bandwidth of the resonant circuit. (See Fig. 26-4.) 

Consider the two frequencies f; and f, in Fig. 26-4. 
These have been selected where the circuit current is 0.707 
times the maximum current at the resonant frequency (f,). 
The bandwidth (Af) is defined as the band of frequencies 
between f; and fo, or: 


Af=fh,—-hi (26-2) 

where: Af is the bandwidth of a resonant circuit, in hertz 
(Hz) 

f; is the upper half-power frequency, in hertz (Hz) 

fy is the lower half-power frequency, in hertz (Hz) 


hertz 


SELECTIVITY OF A SERIES CIRCUIT 


m 


O.FOF Ls 





FIGURE 26-4 
Bandwidth of a resonant circuit. 


Note that f; and f, have been referred to as half-power 
frequencies.* At these frequencies, the power (true power) 
delivered to the circuit is one-half the power delivered at 
the resonant frequency (f,). That is, 


At f=f, P=ER 
At f=f,, P= (0.7071,)°R 
0.57-R 


= 3 X power delivered at f, 


Since a 50% change in the power level is not consid- 
ered large (a 3-dB change in the power output from an 
audio amplifier is barely noticeable), the response of the 
circuit is considered relatively flat between f, and f;. Be- 
yond f; and f;, the power drops off rapidly, and the circuit 
is considered as rejecting these frequencies. Thus, by the 
proper selection of the L and C components, a series res- 
onant circuit can be made to ‘“‘tune in’’ a given band of 
frequencies. This band will be centered at the circuit’s res- 
onant frequency, and adjacent frequencies will be rejected 
(but not completely, however). In most high-frequency 
communication circuits, f, and f; are symmetrically placed 
above and below f,. Thus the ‘‘edge frequencies’’ (f; and 
fz) can be obtained as follows: 


(26-2a) 


*f, and f, are also referred to as the lower and upper 3-dB frequen- 
cies. The notation dB stands for decibels, which are units used for com- 
parison between two power levels (P, and P>), according to the equation 
dB = 10 log P,/P,. If P2 = 2P,, dB = 10 log2 = 10 x 0.3 = 3 GB. 
Thus a 3-dB ratio refers to a 2:1 power level, such as occurs between ti 
and f,, or fo and f,. 
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(26-2b) 


where terms are as above. 





EXAMPLE 26-4 


A series circuit has a resonant frequency of 400 kHz and 
a bandwidth of 12 kHz. Determine the “edge” or upper 
and lower half-power frequencies. 





Solution 
A 
h=f- = (26-2a) 
kH 
= 400 kHz — = ‘ = 394 kHz 
A 
Aag+ Zt (26-2) 
kH 
= d00ii, f= = wh ee 








It can be shown that the bandwidth and the resonant 
frequency are related by the equation: 
hertz (26-3) 
where: Af is the bandwidth of the circuit, in hertz (Hz) 

j, is the resonant frequency of the circuit, in hertz 
(Hz) 
Q is the quality of the circuit, dimensionless 


Recall, from Section 20-8, that the quality of a coil was 
defined as 


= Sh 


20- 
Rac a 


Q 
where R,, is the total circuit resistance for a series RLC 
circuit. Thus, although the resistance does not determine a 
series circuit’s resonant frequency, it does affect its band- 
width. 

If Q is very large, the bandwidth Af is very narrow, and 
we have a highly selective circuit. If Af is too narrow, the 
circuit will not respond to all the incoming frequencies (as 
from a radio transmitter) so that some information is lost. 
Conversely, if Q is very small, the bandwidth is very 
broad, and interference from adjacent frequencies (or 
‘‘channels’’) can occur because the circuit is not suffi- 
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ciently selective. Each communication system has its own 
resonant frequency and bandwidth requirements. 

For example, the intermediate frequency amplifiers in 
an AM (amplitude modulation) broadcast band receiver 
operate at an intermediate frequency of 455 kHz and re- 
quire a bandwidth of approximately 10 kHz. An FM (fre- 
quency modulation) receiver operates at an intermediate 
frequency of 10.7 MHz and requires a 200-kHz band- 
width. 


Ln 


EXAMPLE 26-5 


Determine the necessary Q values of circuits used in AM 
and FM intermediate amplifiers, using the data above. 





Solution 
Af = fr (26-3) 

Q 

Theref me 

erefore, = 

455 kHz 

For AM: = Take 45.5 
10.7 MHz 

For FM: Q= OMS 53.5 


Laas 


The Q values in Example 26-5 are quite easy to attain 
commercially. In fact, it is because these Q values are 
practical that the commercially used intermediate frequen- 


cies of 455 kHz and 10.7 MHz were chosen. 


LE EEE 


EXAMPLE 26-6 


Find the bandwidth of the circuit in Example 26-1 with L 
= 200 wH, R = 100, and C = 50 pF. 


Solution 


, 
i — on \/LC (26-1) 
ae Seeeenenreee 

27 V200 x 10°°H x 50 x 10 F 

= 1.59 MHz 
X. 
Q= “a (20-9) 
On X 1.59 x 10° Hz x 200 x 10° °H 
100 


RESONANCE 


(26-3) 


1.59 x 10° Hz _ 
200 7 


8 kHz 





26-4 THE Q@ OF A SERIES-RESONANT 
CIRCUIT 


We can determine another expression for the Q of a circuit 
to show how it determines the bandwidth. 

For any resonant circuit, the Q can be defined as the 
ratio of the coil or the capacitor’s reactive power to the 
true power. 


(26-4) 





For a series circuit, the same current flows through the 
coil and resistor. 


X, nfl L 
yo eS 0- 

Therefore, R.. R.. Ty R. (20-9) 

B ji = = (26-1) 
ut at resonance, r= OaV/Le 
Theref: 27, = —_ 
erefore, Wr = \/LC 
Th Q= 7 
us = VEC R. 
1 [tL 

and Q= RVC (26-5) 


where: Q is the quality of a series-resonant circuit, dimen- 
sionless 
R,- is the total ac resistance of the circuit, in ohms 
(Q) 
L is the inductance, in henrys (H) 
C is the capacitance, in farads (F) 





EXAMPLE 26-7 


Determine the Q of a series-resonant circuit in which R 
= 100, L = 200 wH, and C = 50 pF. 


RESONANT RISE OF VOLTAGE IN A SERIES RLC CIRCUIT 


Solution 
(26-5) 


_ 1 200 x 107°H 
50 x 10° "°F 


~~ 100 
V4 x 10° 0? = 200 


eee 
100 





You can examine Eq. 26-5 to see the reason for its 
effect on the bandwidth. Note that if R,. alone is reduced, 
Q is increased and the bandwidth is decreased without af- 
fecting the resonant frequency. Thus, if in Example 26-7, 
R is reduced from 10 to 5 Q, Q is doubled to 400. The 
reason for the reduction in bandwidth can be seen in Fig. 
26-5a. The current at resonance must now be double its 
initial value, causing a steeper rise in current around the 
resonant frequency (f,). 

Similarly, we see that an increase in the L/C ratio in 
Eq. 26-5 increases Q. Thus, when L = 200 wH, and C 
= 50 pF, L/C = 4 x 10°. If L is increased to 400 pH 
and C is reduced to 25 pF, the L/C ratio equals 16 x 10°, 
so that Q is now double its initial value. (Note that the 
resonant frequency for this example is unchanged, since 
the product LC is still the same.) 

The steeper rise in the J versus f curve in Fig. 26-5b 
shows that a narrower bandwidth results with a higher L/C 
ratio. The reason for this is found in the graphs of X, and 





I< —ar—> 


(a) Areduction in R increases 
Q and decreases the bandwidth. 


FIGURE 26-5 


i 
8 kHz C 


929 


Xc versus f in Fig. 26-1. A larger L/C ratio implies a 
larger value of L and a smaller value of C. This leads to 
steeper slopes of the X; and Xc graphs. This means that as 
the frequency increases, the point of resonance (where X, 
equals X-) is reached more rapidly. If L were small and C 
were large, the two graphs would be relatively ‘‘flat,’’ and 
a large change in f would be necessary to make X; equal 
Xc for resonance. 

Thus Q is the one term that combines the effects of all 
three components in determining the shape of the reso- 
nance curve of a series RLC circuit. 


26-5 RESONANT RISE OF VOLTAGE 
IN A SERIES RLC CIRCUIT 


One of the most useful features of a series RLC circuit is 
the resonant rise of voltage across the capacitor and induc- 
tor as resonance is approached. This is seen in Table 26-1 
where, at the resonant frequency of 1.59 MHz, both the 
capacitor and inductor voltages are 20 V, with a supply 
voltage of only 100 mV. 

Although the net reactance in the circuit is zero, allow- 
ing a large current to circulate, the individual reactances 
are quite large. The product of a large current (10 mA) 
and a large reactance (2 kQ) produces a high voltage (20 
V). Actually, because the capacitive reactance decreases 


16 x 106 





|< af 


(6) An increase in the L/C ratio increases 
Q and decreases the bandwidth. 


Effect of changes in R and L/C on the Q and bandwidth of a series resonant 


circuit. 
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V 
f variable ~Y) 


(a) Series RLC circuit 


as frequency increases, the product /X¢ reaches a maxi- 
mum at a frequency slightly Jower than the resonant fre- 
quency (f,). For high Q circuits, however, this difference 
is negligible and you can think of the capacitor (and in- 
ductor) as having a frequency response curve that peaks at 
f. and has a bandwidth Af given by Eq. 26-3. (See Fig. 
26-6b.) 

Note that the curve in Fig. 26-6b is not symmetrical. 
At very low frequencies, the capacitor voltage approaches 
the supply voltage (V), or an open circuit. At very high 
frequencies, Vc approaches zero, because X¢ and J also 
approach zero. However, for high Q, (Q > 10) high-fre- 
quency circuits, f; and f; can be considered to be symmet- 
rically located above and below /,. 

An expression for the capacitor (and inductor) voltage 
at resonance can be obtained as follows: 


Veo — IXc (23-1) 
But, at resonance: 
V 
f=- 15-15 
R ( a) 
and Xe = Ay 
V 
Therefore, Vc = RL 
_ Xiy 
R 
and Vc = OV volts (26-6) 


where: Vc is the capacitor voltage at resonance, in volts 
(V) 
Q is the total circuit quality, dimensionless 
V is the voltage applied to the circuit at resonance, 
in volts (V) 





(b) Resonant rise in capacitor voltage 


RESONANCE 


FIGURE 26-6 

Effect on the capacitor 
voltage of varying the 
frequency of a series 
resonant RLC circuit. 


Because Q is usually much larger than unity, we see a 
significant resonant rise in the capacitor voltage at reso- 
nance. A similar (but 180° out-of-phase) voltage rise oc- 
curs across the inductor. However, because of its resis- 
tance, the coil’s voltage is not given simply by Eq. 26-6, 
although the two are close in value for high Q circuits. 





EXAMPLE 26-8 


A coil of 8-H inductance and 400-0 resistance is series- 

connected with a variable capacitor and an ammeter 

across the 120-V, 60-Hz line. Calculate: 

a. The capacitor voltage when the capacitor is adjusted 
for maximum circuit current. 

b. The necessary capacitor for the condition in part (a). 


Solution 


qa. At resonance, the circuit current is a maximum, so f, 





= 60 Hz. 
—X _ aafl 
Q=, = R (20-9) 
2a X 60 Hz X BH 
400 0, a Ue) 
Vo= OV (26-6) 
= 7.5 x 120 V = 900 V 
b a on 26-1 
' On \/LCO ( 1) 
1 
C= TFL 
| 
= 0.88 pF 


~ An? x (60 Hz)* x 8H 





RESONANCE IN A THEORETICAL, PARALLEL RLC CIRCUIT 


1200 kHz 1400 kHz | 
NY y 1600 kHz Tuning 
Capacitor 
Antenna 
w~tT 
1000 kHz 






To 
amplifier 


~ Mutual inductance coupling 


(a) Series RLC circuit tuned to 1400 kHz 
by C receives only one band of frequencies 
centered at 1400 kHz. 


Note, in Example 26-8, how it is possible for danger- 
ously high voltages to be produced at resonance in a series 
RLC circuit. 

Figure 26-7 shows how a capacitor’s resonant rise of 
voltage is used to advantage in a frequency selective cir- 
cuit, such as in a radio receiver or television set. 

The antenna, as shown in Fig. 26-7a, ‘‘picks up’’ many 
different frequencies from the electromagnetic waves ra- 
diated by neighboring radio transmitters. These signals, in 
the order of several millivolts for an AM receiver, but only 
several microvolts for an FM receiver, must be ‘‘tuned in’’ 
by the resonant circuit. Assume that the circuit is tuned to 
a resonant frequency of 1400 kHz (the carrier frequency of 
a local AM station, for example) by adjusting C, as in Fig. 
26-7b. Only the information contained in the band of fre- 
quencies associated with that resonant frequency will ap- 
pear across the capacitor for amplification and further pro- 
cessing. If the circuit’s bandwidth is correct, all other 
adjacent signals will be rejected, or ‘‘tuned out.’’ The ad- 
justment of C to a different value makes the circuit sensi- 
tive to a different band of frequencies, and a different sta- 
tion may be tuned in. 





EXAMPLE 26-9 


What is the necessary range of a variable capacitor to 
use with a 200-pH coil in a series circuit to tune in the 
standard radio broadcast band from 535 to 1605 kHz. 


Solution 


(26-1) 


931 










FIGURE 26-7 
Resonant rise of 
capacitor voltage in a 
series RLC circuit is 
used to select a 
desired band of 
frequencies. 


To 
amplifier 






f = 1400 kHz 





(6) Equivalent circuit. 


1 
Ad? FAL 


For f, = 535 kHz, 
1 


= An* x (535 x 10° Hz)? x 200 x 10°°H 
= 442 pF 
For f- = 1605 kHz, 
C= 


An* x (1605 x 10° Hz)? x 200 x 10°°H 
= 49 pF 





26-6 RESONANCE IN A 
THEORETICAL, PARALLEL RLC 
CIRCUIT 


Now, consider the effect of varying frequency in a parallel 
RLC circuit, as in Fig. 26-8a. 

The circuit shown is theoretical because we have as- 
sumed an ideal inductor having zero resistance. (Later, in 
Section 26-8, the effect of the coil’s resistance will be 
taken into account.) 

You know that at any frequency, 





kp= Vip + Ue = EY (24-25) 

V 
Lp = 7 (24-4) 

ae | 
and 0 = arc tan ———~ (24-26) 
R 

Also v 
9 IT = -- 25°) 
C X ( ) 

and V 
L=— 20-1 
Lay (20-1) 
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(a) Theoretical parallel resonant circuit. 
(Inductor has no resistance.) 


If the source frequency is adjusted until X, = Xc, then 
I, = Ic. This means that (I, — Ic) = 0; also, the total 
circuit current I; is a minimum and equal to Ip. But if [7 is 
a minimum, the impedance Z must be a maximum. (See 
Eq. 24-4.) 








(a) Impedance variation 
with frequency 


Ir 


(b) Total current variation 
with frequency 


FIGURE 26-9 
Variation of (a) impedance and (b) total current in a 
parallel RLC circuit with a variable frequency source. 





RESONANCE 


FIGURE 26-8 
Resonance in a theoretical 
parallel resonant circuit. 


(6) Phasor diagram. 


Thus the circuit is purely resistive (@ = 0°) and the 
circuit current and applied voltage are in phase with each 
other. (The L and C components apparently act as an open 
circuit, with infinite impedance, as far as the source is 
concerned. ) 

This condition is called parallel resonance. It is also 
sometimes referred to as ‘‘antiresonance’’ because the ef- 
fect on circuit current and impedance is opposite to the 
series resonant effect, as shown in Fig. 26-9. 

Since parallel resonance occurs in this circuit when X;, 
= Xc¢, as it does in a series RLC circuit, the resonant fre- 
quency is given by the same equation: 


1 


te = SEG eon) 





EXAMPLE 26-10 


A 100-H coil of negligible resistance, a 50-pF capacitor, 

and a 100-kO© resistor are connected in parallel across a 

variable frequency 50-mV signal generator. Calculate: 

a. The resonant frequency of the circuit. 

b. Each branch current when the signal generator is 
adjusted to the resonant frequency. 

Show the currents in a circuit diagram. 


Solution 


1 
2a WLC 


a. f= (26-1) 


1 


On\/100 x 10°°H x 50 xX 10° F 
2.25 x 10° Hz = 2.25 MHz 
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V 
50 mV 
2.25 MHz 


FIGURE 26-10 
Circuit currents for Example 26-10. 


(15-15a) 





X, = 2qfL (20-2) 


I| 
No 
2 
x 
Nh 
No 
O1 
x 
a Ss 
Oo 

o 
a 
N 

x 
Ss 
=) 
oO 
x 
ani, 
So 

2 
ak 


= 14140 
I = (20-1) 





Xo ee (23-2) 


2a X 2.25 x 10°Hz x 50 x 10°F 
= 14140 

V 

Xo 

50 mV 


a Ak ee Be 


(23-1) 


lo = 





See Fig. 26-10. 





Note that the inductor and capacitor currents are equal 
in magnitude and 180° out of phase with each other. Thus, 
I, + Ic in Fig. 26-10 is zero, even though the individual 
currents are much larger than the total line current. This 
shows how the theoretical parallel LC circuit is an open 
circuit, since it draws no current from the source. 

It is interesting to note what would happen if an ideal 
parallel LC circuit could be constructed. Consider the ca- 
pacitor charged to some initial voltage and allowed to dis- 





933 


Io = 35.7 wA 





charge through the inductor. The initial energy, 2CV’, 
stored in the electric field of the capacitor, would be trans- 
ferred to the inductor in the form of a magnetic field hav- 
ing energy %4L/’. But when the capacitor is fully dis- 
charged, the magnetic field around the inductor would 
begin to collapse and, by Lenz’s law, induce the opposite 
polarity of voltage across its terminals. This would cause 
the capacitor to become charged to the opposite polarity 
from its initial state. The cycle then would repeat itself, 
producing a sinusoidal waveform of voltage across the LC 
combination. The circuit is said to oscillate (or ‘‘ring’’), 
producing a continuous sinusoidal voltage, at a frequency 
: l 

given by f a VLE 

In a practical circuit, where the inductor has resistance, 
the oscillations are “‘damped’’ and decay due to energy 
being dissipated in the resistance. Some oscillator circuits, 
as in some signal generators, rely on this tank circuit ‘‘fly- 
wheel’’ effect to produce a sinusoidal output voltage from 
a dc supply. An active device, such as a transistor, is used 
to supply energy at the right instants to make up for the 
energy dissipated in the coil’s resistance. 

The type of signal generator referred to in Example 26- 
10 is called a radio frequency (RF) generator. An RF gen- 
erator produces signals from approximately 100 kHz to 
several hundred megahertz. The output voltage is much 
smaller than from an audio generator, sometimes as small 
as 0.1 V. 

A typical RF generator is shown in Fig. 26-11. In ad- 
dition to producing a sine wave output, some produce an 
amplitude-modulated output, in which the amplitude of the 
radio frequency signal is varied (modulated) at an audio 
rate, such as 400 Hz. This type of signal is useful for 
checking the operation of communications receivers. 
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FIGURE 26-11 
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A radio-frequency signal generator. (Courtesy of Dynascan Corporation, B & K- 


Precision Product Group.) 


26-6.1. The Q of a Theoretical, Parallel 
Resonant Circuit 


You have seen (in Section 26-4) that the Q of a resonant 
circuit is given by the following equation: 


(26-4) 


For the theoretical parallel RLC resonant circuit, with 
no resistance in the inductor, 


(25-3) 


and L = (15-13) 





Thus 


and Qqe=e— (26-7) 


where: Q is the quality of a parallel RLC circuit, dimen- 
sionless 
R, is the resistance of the circuit, in ohms (Q2) 
X,, is the inductive reactance of the zero resistance 
inductor, in ohms (2) 


You have seen (Example 26-10) that R, is usually much 
larger than X;, so Q > 1 as in a series RLC circuit. 
Note that the impedance of the parallel circuit at reso- 


nance can now be expressed in terms of Q: 
Z = R, = OX, (26-7a) 


where terms are as previously given. Thus a high Q circuit 
has a high impedance at resonance. 
The currents also can be expressed in terms of Q: 


V = TX, — IRR, 


Therefore, L=— x Ip 
Xr 
R 
li ~2=@Q (26-7) 
Xr 
and Ip = line current = [7 


Thus, considering only the magnitudes of the currents: 
mL =e =Q XxIr (26-8) 


where symbols are as already stated. 

Equation 26-8 states that there is a resonant rise of cur- 
rent in the tank circuit consisting of the parallel LC com- 
bination. This corresponds to the resonant rise of voltage 
in a series circuit. Very large currents can circulate in the 


SELECTIVITY OF A PARALLEL RESONANT CIRCUIT 


tank circuit as energy is transferred back and forth between 
the coil and the capacitor, even if the line current is very 
low, because the Q of the circuit is high. (See Eq. 26-8.) 


EXAMPLE 26-11 


For the circuit in Example 26-10, determine: 

a. Q. 

b. The inductor and capacitor currents at resonance. 
c. The impedance at resonance. 





Solution 
Ro 
= — 26-7 
100 kQ, 
aK 
b. |, = le = Q X line current (26-8) 
= 71.4 x 0.5 pA = 35.7 pA 


= 71.4 x 1.4kQ = 100 kQ 


SELECTIVITY OF A PARALLEL 
RESONANT CIRCUIT 


26-7 


The bandwidth of a parallel resonant circuit (theoretical or 

practical) is the band of frequencies between f, and f, on 

the resonance curve, where the total impedance drops to 

0.707 of the parallel resistance (R,). See Fig. 26-12. 
Again, it can be shown that 


Ir 
Af = — 26-3 
f O (26-3) 





a. Parallel resonant circuit with high 
internal resistance source 
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hy fe fo 
itn 
FIGURE 26-12 


Bandwidth of a parallel resonant circuit. 


so that a high Q results in a very selective circuit, as in 
the case of a series resonant circuit. 


EXAMPLE 26-12 


Determine the bandwidth of the circuit in Example 26-10. 


Solution 


i 

Af = 
Q 

_ 2.25 x 10° Hz 


71.4 


(26-3) 


= 31.5 kHz 





To see the usefulness of a parallel circuit to select cer- 
tain frequencies, you must now include the internal resis- 
tance of the source. This internal resistance is purposely 
made high for the reasons described below. (See Fig. 
26-13.) 






To 
ampiier —__ FIGURE 26-13 
Selectivity of a parallel 
resonant circuit is 
provided by a high 
internal resistance in 
the source. 


b. Equivalent circuit. 
At resonance, Z =H, 
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If you represent the impedance of the parallel RLC cir- 
cuit at any frequency by Z, as in Fig. 26-13b, you obtain 
a series voltage-divider circuit, where 


Z 


Vot = V X =>— 5-6 
: Z + Rint ( ) 
At resonance: 
R 
Vou. = V X ——__ (5-6a) 
Ky + Rint 


That is, at resonance, when Z is a maximum and equal 
to R,, the maximum voltage is developed across the tank 
circuit. At frequencies above or below resonance, the 
impedance Z decreases, as in Fig. 26-12, so the output 
voltage also decreases. If Rin, were zero or small, the volt- 
age across the tank circuit would be the same as the source 
voltage at all frequencies, and no selectivity would result. 
For this reason, Ri, is deliberately increased so that high 
selectivity is produced in the range of the resonant fre- 
quency. 





EXAMPLE 26-13 


A parallel RLC circuit has Rp, = 100 kQ. The circuit is 

connected to a 10-uV source with an internal resistance 

of 50 kQ). Calculate: 

a. The output voltage across the tank circuit when the 
capacitor is adjusted to provide resonance. 

b. The output voltage for a frequency far from reso- 
nance where the tank circuit’s impedance is 10 kQ. 


Solution 
= Rp 
a. Vaux = VX R, + Ren (5-6a) 
100 kO 
= > GE 
10 BV X T5009 ka + 50 kO 
= 6.7 pV 
Vaso (5-6) 
: out — Z 4 Rint 
10 kO 
= st es SE 
10 RV X Toke + 50 kQ ai 


NOTE The addition of Z and Rin in part (b) above should ac- 
tually be done vectorially, since, off resonance, the impedance 
is no longer pure resistance. But the error is small, since Rin > 
Z and the total circuit is primarily resistive. 
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The selectivity of a parallel resonant circuit is used to 
produce sine wave voltages from nonsinusoidal pulses. 
These repetitive pulses have some fundamental sinusoidal 
frequency and many harmonics. (A harmonic is some mul- 
tiple of the fundamental frequency.) Thus, if a circuit is 
resonant to only one frequency, it will reject the others and 
produce a pure sine wave. This property is used in Class 
C radio frequency amplifiers that conduct for less than half 
a cycle of a sine wave and produce pulses at some basic 
frequency. (This mode of operation produces a highly ef- 
ficient amplifier for large power outputs.) 

A parallel resonant circuit can also be used as a fre- 
quency doubler or multiplier if the circuit is tuned to the 
second harmonic rather than the fundamental. Finally, the 
output of an RF signal generator may not be a good sine 
wave until it is used with some resonant circuit (series or 
parallel) to reject the harmonics. 


26-8 RESONANCE IN A PRACTICAL, 
TWO-BRANCH PARALLEL RLC 
CIRCUIT 


In this section, you will consider the effect of the coil’s 
resistance on the resonant frequency of a two-branch par- 
allel RLC circuit. (See Fig. 26-14.) 

Assume that the frequency of the source has been ad- 
justed until X, = Xc. Because of the (series) resistance of 
the coil (R,), there is Jess current through the coil than 
through the capacitor. This means that the reactive power 
in L and C are not equal, so we do not have resonance. 
That is, for resonance (in series or parallel) the following 
essentially identical conditions are required: 


lL. Pot = Poc 
2. cos8 = 1 
3. 6=0° 
4. Z=R 


V 
f variable 





FIGURE 26-14 
Practical parallel RLC circuit. 


RESONANCE IN A PRACTICAL, TWO-BRANCH PARALLEL RLC CIRCUIT 


To make Pz, = Pc, the frequency must be lowered 
slightly, reducing X, so that J, increases until I;X, = 
EX. When this occurs, it can be shown that the resonant 
frequency is given by 


a 
"  Iav/LC i+ 0° 


where: f, is the resonant frequency of a practical parallel 
circuit, in hertz (Hz) 
L is the inductance of the coil, in henrys (H) 
C is the capacitance of the circuit, in farads (F) 
Q is the quality of the coil, dimensionless 


hertz (26-9) 


Note that 


1 
<— st 
Ir 27V LC 


as expected, so the coil’s resistance does determine the 
circuit’s resonant frequency. However, if Q = 10, the res- 


ft 
onant frequency (f,) is given by Ia LE with a maximum 
7 


error of only 0.5%. Thus, Eq. 26-1 gives the resonant fre- 
quency of series RLC circuits and high Q, parallel RLC 
circuits. 

Note also that the Q in Eq. 26-9 is specified as the Q 
of the coil itself. The reason for this can be seen in the 
equivalent circuit of Fig. 26-15b. 

By the use of network analysis techniques, the practical 
two-branch parallel circuit in Fig. 26-15a can be converted 
to the equivalent three-branch theoretical circuit in Fig. 
26-15b, where 


Raye F 
R, = ———- = = 26-10 
R4k FF 
xX, = —* = = 26-11 
' X, X, ( ) 


where the symbols are as previously stated. 





(a) Practical parallel RLC circuit 


(6) Equivalent theoretical circuit 
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But you know that, for the theoretical circuit: 





— —L 26-7 
e+ (26-7) 
_ RS +X; | RS + XS 
RR, xX, 
Therefore, 
_ X;, — 2afL 
Q= R. = R (26-12) 


where: Q is the quality of the coil (and the whole parallel 
circuit, if there is no additional parallel resis- 
tance), dimensionless 
L is the inductance of the coil, in henrys (H) 
R, is the series resistance of the coil itself, in ohms 
(Q) 
Equation 26-9 can now be expressed in the following 
form: 


ft CR? 
r— 7. PF x — = 
h 27\/ LC : L 





hertz (26-13) 


where symbols are as already stated. Note that if R, = 0, 
Eq. 26-13 reduces to Eq. 26-1, 


1 
Ir = 2mn\/LC 


EXAMPLE 26-14 


A 10-wH coil having an ac resistance of 5 © is connected 

in parallel with a 0.01-wF capacitor across a radio fre- 

quency signal generator. Calculate: 

a. The resonant frequency of the two-branch parallel 
Circuit. 

b. The Q of the circuit. 


FIGURE 26-15 

(a) A practical parallel 
resonant circuit may be 
converted to (b) an 
equivalent theoretical parallel 
circuit. 
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c. The bandwidth of the circuit. 
d. The impedance of the circuit wnen the generator is 
tuned to the resonant frequency. 


Solution 


1 CR? 
“ 1- 


27v\/LC L 
1 


~ OGV10 x 10°°H X 0.01 x 10° °F 


0.01 x 10°° x 5 
10 x 107° 
= 503 kHz x 0.987 = 496 kHz 
X, 2a 
b. Q= RR, 
_ 2a x 496 x 10°Hz x 10 x 10°°H 
7 5 O 





(26-13) 





a f, = 


x 4 





(26-12) 


(26-3) 


(26-10) 


_ (6.0)? + (31 0)? 
7 50 


= 197Q_ (pure resistance) 





Note that, since Q = 6.2 is less than 10, the resonant 
frequency is a little lower than that given by Eq. 26-1. 

Also note the low impedance (resistance) of the circuit 
at resonance. This is due to the circuit’s very low Q: 


_ RB; + X; 


xX? 
r,(1 + %) 


= R(1 + Q*) — ohms 
= 5Q0(1 + 6.2’) = 1970 


(26-14) 


26-8.1 Damping a Parallel Resonant 
Circuit 
Introducing resistance to purposely reduce the Q of a tuned 


parallel circuit is called damping. This can be achieved for 
the practical two-branch circuit in two ways. 


RESONANCE 


1. The series resistance of the coil (R,) in Fig. 26-14 
can be increased, as seen in Eq. 26-12, reducing the Q. 
This also has an interesting effect on the resonant fre- 
quency as shown by Eq. 26-13. If R, is increased until 
> 1, there is no resonant frequency. This is called 
critical damping and is used in high-frequency circuits 
(such as TV receivers) to keep the coils and their distrib- 
uted capacitances from ringing (oscillating at some unde- 
sired frequency). 

2. Resistance can be added in parallel with the cir- 
cuit. This reduces the effective value of R, in Eq. 26-7, 
so the Q is also reduced. This is called shunt damping and 
is the preferred method to maintain a symmetrical resonant 
response, although both series and parallel damping com- 
bined is also used. 


Damping is sometimes used in communications receiv- 
ers (see Fig. 26-16) to broaden the bandwidth when look- 
ing for a weak signal. That is, a weak signal can easily be 
‘‘tuned through’’ without detection by a circuit that has a 
very narrow bandwidth. However, once the weak signal is 
found when ‘‘tuned in,’’ a narrow bandwidth would be an 
asset to block out competing, stronger adjacent signals. 





EXAMPLE 26-15 


In the parallel two-branch circuit of Example 26-14, with 
the 10-wH coil having a resistance of 5 ©, and the 0.01- 
wF capacitor, determine: 

a. The minimum resistance to be added in series with 
the coil to make sure the circuit has no resonant fre- 
quency. 

b. The resistance to be added in series with the coil to 
broaden the bandwidth to 100 kHz and the new res- 
onant frequency. 

c. The shunting resistance to be connected in parallel 
with the coil to broaden the bandwidth to 100 kHz. 


Solution 





a. To avoid resonance: 7 > 1 


Therefore, minimum resistance 


_ /410 x 10°H = 3160 
0.01 x 10 °F 
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FIGURE 26-16 


A communications receiver that uses parallel resonant circuits. (Courtesy of Trio-Kenwood 


Communications, Inc.) 


Since the coil’s resistance is 5 Q, the minimum resis- 
tance to be added = 31.6 — 50 = 26.6 Q. 


b. For a bandwidth of 100 kHz: 


f, 
Q= a (26-3) 
496 kHz 
100 kHz i 
ee Q? 
= Da JL x ar: (26-9) 


II 
on 
Oo 
oO 
~ 
ie 
N 
x 

onal, 

i 
Co) 

FIO 

CO ine) 

oO 

ine) 


= 503 kHz x 0.98 = 493 kHz 


Thus the new Q must be 4.93 to produce a band- 
width of 100 kHz at f, = 493 kHz. 
Xs; QufL 

OF ROR, 
2a 

Q 
2a X 493 x 10° Hz x 10 x 10° °H 

4.93 


(26-12) 





=A) 


R; = 


6.3 QO 


The resistance to be added in series with the coil = 
63-50 = 1.3 Q. 


c. For the equivalent parallel circuit with R,: 


= Rp 

Q= x, 

Initially, with Af = 80 kHz, the equivalent R, = 197 
Q,. For a Af of 100 kHz, the effective R, = 6.3 1: 


_FAEt+% 
— 
(6.3 0)? + (31 0)? 


= ean) = 1590 


(26-7) 


R, (26-10) 


We need a resistance in parallel with 197 to produce 
159 Q: 


_ A,X Re 


R; Rt Re (6-10) 
197 x Ro 

ee = 197 + Rp 

Ro = 8240 


Example 26-15 shows how the resonant frequency of a 
parallel RLC circuit can be changed (3 kHz, in this case) 
by adding resistance in parallel with the overall circuit, or 
in series with the coil itself. 
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26-9 OPERATING PRINCIPLE OF A 
SUPERHETERODYNE AM 
RECEIVER 


Series and parallel resonant circuits are widely used in 
AM, FM, and TV receivers. Figure 26-17 shows a block 
diagram of an AM radio receiver. (The principle of oper- 
ation applies to FM receivers, as well, but with different 
frequencies. ) 

You have already seen (in Fig. 26-7) how a series res- 
onant circuit can be tuned to select just one of the many 
bands of frequencies arriving at the antenna. This antenna 
signal is fed to a radio frequency amplifier, which reso- 
nantly tunes to the incoming signal whenever the tuning 
dial is turned. The incoming signal is very weak (a few 
microvolts) and must be amplified thousands of times be- 
fore it is audible. This amplification is carried out in 
stages. 

In the early days of radio, each stage had to be tuned 
to the signal being received, so that each stage had to be 
tunable over the full band, from 535 to 1605 kHz. This 
type of radio receiver was known as a “‘tuned radio fre- 
quency’’ (TRF) receiver; it had many disadvantages. 


Audio frequency 


Carrier 


frequency 
Amplitude 
modulated 
radio 
waves 
\V 
1400 kHz 
RF 455kHz _ | !F 
ve amplifier 
amplifier stages 
/ 
/ 
/ 
/ 
/ 
/ 


7 
| ol ch 





FIGURE 26-17 
Block diagram of a superheterodyne AM radio receiver. 


455 kHz 





RESONANCE 


Modern receivers use frequency conversion or hetero- 
dyne circuits to produce a signal whose radio frequency is 
always the same (455 kHz), but which contains the audio 
frequencies of whichever station is tuned in. This allows 
all further stages of radio frequency amplification to take 
place at the one fixed frequency called the intermediate 
frequency (IF). 

Assume that you want to listen to an AM radio station 
broadcasting at 1400 kHz. When you turn the dial to this 
frequency, the radio frequency amplifier is tuned to 1400 
kHz. Also, ‘“‘ganged’’ together, a local oscillator pro- 
duces an RF sine wave equal to 1400 kHz + 455 kHz, or 
1855 kHz. The 1400-kHz signal (containing the ‘‘intelli- 
gence’’ or desired audio) and the unmodulated 1855-kHz 
signal are applied to the mixer. As the name suggests, the 
mixer or converter produces an output signal that (among 
other things) contains frequencies of the sum and differ- 
ence of the input signals. That is, frequencies of 1855 
kHz + 1400 kHz = 3255 kHz and 1855 kHz — 1400 
kHz = 455 kHz are available at the output. Each of these 
frequencies (3255 kHz and 455 kHz) contains the same 
audio as the initial signal. For practical considerations, 
however, only the difference frequency (455 kHz) is used. 


i... “slugs” 


From ; To . 
transistor transistor 
amplifier : amplifier 


Audio 
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SUMMARY 


Thus, all further intermediate frequency amplifier stages 
are tuned to this frequency, since it is the only frequency 
produced, regardless of which station is tuned in. These 
Stages use parallel LC circuits with inductive coupling 
from one stage to the next, as shown in Fig. 26-17. The 
coupling can be adjusted by using ferrite ‘‘slugs’’ to align 
the receiver at the proper frequency and provide the correct 
bandwidth of approximately 10 kHz. This bandwidth is 
necessary to prevent overlap between stations. As a result, 
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the highest audio frequency permitted is 5 kHz. When the 
carrier (1400 kHz in the example) is amplitude-modulated 
by a frequency of 5 kHz, sideband frequencies are pro- 
duced that are 5 kHz above and below the carrier. All of 
these frequencies must be retrieved, except in a single side- 
band receiver, to reproduce the original sound. This pro- 
cess of demodulation is carried out in the detector stage 
and is followed by audio amplification to drive a loud- 
speaker. 


SUMMARY 


1. 


When a series circuit is in resonance, the circuit’s impedance is a minimum (equal 
to R), the current is a maximum (equal to V/R), and the applied voltage and 
current are in phase with each other. 








2. The resonant frequency of a series RLC circuit is given by 
f= 1 
"Qa LC 
3. The bandwidth of a resonant circuit is the band of frequencies (Af) between the 
two frequencies (f; and f,) at which the power delivered to the circuit is one-half 
the power delivered at the resonant frequency. 
y= t 
Q 
4. The Q of a series resonant circuit can be obtained using: 
gaa _1 fb 
r Kk. Kee 
5. At resonance in a series RLC circuit, there is a resonant rise of voltage across the 
capacitor and inductor given by 
¥e.= Ve = QV 
6. At resonance in a theoretical parallel RLC circuit, the circuit impedance is a max- 
imum (equal to R,), the line current is a minimum (equal to V/R,), and the circuit 
is purely resistive with the applied voltage and current in phase with each other. 
7. The resonant frequency of a theoretical parallel RLC circuit is given by 
a 1 
"—— IatVLC 
8. The Q of a theoretical parallel RLC circuit is given by 
Oe “e 
XL 
9. There is a resonant rise of current in the tank circuit of a parallel RLC circuit 


given by 
I, = Ic = O x Ir 
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10. The bandwidth of a parallel resonant circuit is the band of frequencies between f; 
and fy, where the circuit impedance drops to 0.707 of the parallel resistance (R,) 
and is given by 

I; 
Af O 

11. The selectivity of a parallel resonant circuit depends upon the source having a 
high internal resistance to cause a voltage-divider effect that maximizes the output 
voltage at resonance. 

12. Because of a coil’s resistance, the resonant frequency of a practical RLC circuit is 
slightly less than the theoretical, unless Q = 10. 

13. A parallel circuit can be damped to reduce Q and increase the bandwidth by add- 
ing series resistance to the coil or parallel resistance to the whole circuit. 

14. A superheterodyne receiver uses a frequency mixer to produce a difference or 
intermediate frequency so that amplification can take place at a fixed frequency. 

SELF-EXAMINATION 


Answer true or false or a, b, c, or d for multiple choice 
(Answers at back of book) 


26-1. 


Series resonance always occurs where X, = Xc. 


26-2. Ata series circuit’s resonant frequency, the impedance is a maximum and the 


current iS a minimum. 


26-3. A series circuit behaves, as far as the source is concerned, as if it is a pure 


resistance when tuned to resonance. 


26-4. The capacitor voltage can never be larger than the applied voltage in a series 


RLC circuit or Kirchhoff’s voltage law would be violated. 


26-5. The resonant frequency of a series RLC circuit is not determined by the resis- 


tance at all. 


26-6. Ifa series circuit has R = 29, L = 20 mH, and C = 2 uF, the approximate 


value of the circuit’s resonant frequency is 
a. 8 kHz c. 8 MHz 
b. 800 Hz d. 80 kHz 


26-7. The approximate value of Q in Question 26-6 is 


a. 8 G. 32 
b. 16 d.. 2 


26-8. The bandwidth of the circuit in Question 26-6 is approximately 


a. 50 Hz c. 250 Hz 
b. 4 kHz d. 100 Hz 


26-9. The Q of a series circuit can be increased only by reducing the circuit’s resis- 


tance. 


26-10. If a 10-V,,, sine wave signal generator is connected to the series circuit in 


26-11. 


Question 26-6 and adjusted for resonance, the peak-to-peak voltage across the 
capacitor is 

a. 16V c. 160 V 

b. 80V d. 20V 

At resonance, the same voltage occurs across the inductor as across the capac- 
itor for all conditions. 
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26-12. The resonant frequency of a theoretical parallel circuit is calculated using the 
Same equation as for a series RLC circuit. 

26-13. At parallel resonance the circuit has its maximum impedance and is purely 
reactive. 

26-14. A 10-wH coil of negligible resistance, a 10-pF capacitor, and a 100-kO resistor 
are connected in parallel. The circuit’s approximate resonant frequency is 
a. 1.6MHz cc. 16 MHz 
b. 160 kHz d. 160 MHz 

26-15. The Q and bandwidth of the circuit in Question 26-14 are 
a. 50, 800 kHz c. 10, 16 kHz 
b. 100,160kHz 4d. 20, 80 kHz 

26-16. The principal difference between the practical and theoretical parallel circuits 
is the resistance of the inductor. 

26-17. <A practical parallel circuit has a resonant frequency slightly higher than that 
given by the equation for the theoretical circuit. 

26-18. A parallel resonant circuit can be damped either by adding resistance in series 
with the coil or in parallel with the coil. 

26-19. A coil’s series resistance can be increased to a point where the parallel RLC 
circuit will not resonate. 

26-20. The advantage of a superheterodyne receiver is that most of the radio frequency 
amplification takes place at the fixed intermediate frequency. 


REVIEW QUESTIONS 


—" 


What are the conditions that characterize a series resonant circuit? 

2. Why is the resonant frequency of a practical series circuit not affected by resis- 
tance whereas a practical parallel circuit’s resistance does affect the resonant fre- 
quency? 

3. a. What do you understand by the term selectivity of a circuit? 

b. How is selectivity measured? 

c. What is the origin of the term half-power frequencies? 

d. Why are the half-power frequencies sometimes referred to as 3-dB frequen- 
cies? 


e. What is meant by ‘“‘edge frequencies’’? 
4. a. What is the general definition of the Q of a circuit? 
b. What equation shows that Q is not determined only by L and R? 
c. Justify why a reduction in R or an increase in L/C increases Q. 
5. a. How is it possible for the voltage across the capacitor in a series resonant 


circuit to be larger than the input voltage? 
b. How is this fact used to select only certain frequencies from an antenna? 
6. a. Why is parallel resonance sometimes called antiresonance? 
b. What is theoretical about a pure RLC circuit? 
c. If it were possible to make a coil having zero resistance, what would be the 
impedance of a parallel coil and capacitor at resonance? 
d. What would be the line current and tank current for this condition? 
7. Explain how it is necessary for the source, connected to a parallel resonant circuit, 
to have a high resistance to produce a frequency selective function. 
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8. Justify why the resonant frequency of a practical parallel circuit is Jess than that 
for a theoretical circuit having the same L and C values. 

9. Why do you think the addition of sufficient resistance in series with a coil used in 
a parallel RLC circuit could prevent the circuit from having a resonant frequency? 


10. a. What do you understand by the term damping? 

b. How can damping be achieved? 

11. a. What range of frequencies must the local oscillator in Fig. 26-17 be able to 
produce to tune in the whole AM broadcast band? 

b. If an FM tuner uses an intermediate frequency of 10.7 MHz, what range of 
frequencies must be generated in the local oscillator to receive incoming fre- 
quencies from 88—108 MHz? 

c. What is the major difference between a superheterodyne receiver and a tuned 
radio frequency receiver? 

d. What does it mean to align a receiver? 

e. Why does an AM receiver not require a wider bandwidth than 10 kHz? 

PROBLEMS 


(Answers to odd-numbered problems at back of book) 


26-1. 


26-2. 
26-3. 
26-4. 
26-5. 
26-6. 


26-7. 


26-8. 


26-9. 


A series RLC circuit consists of a 150-wH coil having a resistance of 12 Q, 
and a 75-pF capacitor. A 20-mV radio frequency signal generator is connected 
to the circuit. For frequencies of (1) 1.485 MHz, (2) 1.500 MHz, and (3) 1.515 
MHz, determine: 

a. The impedance. c. The current. 

b. The phase angle. d. Vp, V;, and Vc. 

Repeat Problem 26-1 using a 300-yH coil (12-© resistance) and a 37.5-pF 
capacitor. 

Calculate the resonant frequency of the circuit in Problem 26-1. 

Calculate the resonant frequency of the circuit in Problem 26-2. 

What size of capacitance is required to provide series resonance with a 1-mH 
coil at 10-kHz? 

What value of inductance will cause series resonance with a 0.0015-wF capac- 
itor at 455 kHz? 

A series circuit has a resonant frequency of 250 kHz and a bandwidth of 20 
kHz. If 6 mW of power is delivered to the circuit at 250 kHz, calculate: 

a. The edge frequencies. 

b. The power delivered to the circuit when operating at the edge frequencies. 
c. The Q of the circuit. 

The power delivered to a series RLC circuit is monitored at different frequen- 
cies. The power is noted to be a maximum, and then two frequencies are 
found, at 800 and 900 Hz, where the power drops to one-half of maximum. 
Determine: 

a. The bandwidth of the circuit. 

b. The resonant frequency. 

c. The Q of the circuit. 

For the circuit in Problem 26-1, calculate: 

a. Q. 


b. The circuit’s bandwidth. 
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26-10. 


26-11. 


26-12. 


26-13. 


26-14. 


26-15. 


26-16. 


26-17. 


26-18. 


26-19. 


26-20. 


26-21. 


For the circuit in Problem 26-2, calculate: 

a. 

b. The circuit’s bandwidth. 

Determine the Q of a series resonant circuit in which R = 15 0, L = 50 pH, 

and C = 75 pF. 

A circuit must have a resonant frequency of 10.7 MHz and a bandwidth of 150 

kHz. If an 8-Q resistance coil is to be used, what is the required L/C ratio? 

A series RLC circuit is resonant at 5 kHz when a 50-mH coil having a resis- 

tance of 150 () is used. If a 10-V p-p signal is applied to the circuit calculate: 

a. The capacitor voltage at resonance. 

b. The circuit capacitance. 

c. The circuit’s bandwidth. 

d. The power delivered to the circuit at resonance. 

An oscilloscope is connected across a capacitor in a series RLC circuit. The 

oscilloscope shows a maximum peak-to-peak voltage of 150 V when the input 

voltage of 24 V is adjusted in frequency to 400 Hz. If a series-connected 

wattmeter indicates 20 W, calculate: 

a. The Q of the circuit. 

b. The circuit resistance. 

c. The inductance. 

d. The capacitance. 

The local oscillator frequency in an AM receiver must always be 455 kHz 

above the incoming frequency that ranges from 535 to 1605 kHz. If a 100-~wH 

coil is used in the oscillator, calculate the range of a variable capacitor to tune- 

in the incoming frequencies. 

If the coil in Problem 26-15 has a resistance of 15 QO, calculate: 

a. The Q of the oscillator circuit at each end of the tuning range. 

b. The bandwidth of the oscillator circuit at each end of the tuning range. 

A 0.5-mH coil of negligible resistance, a 0.0025-wF capacitor, and a 50-k0, 

resistor are connected in parallel across a 10-mV, radio frequency signal gen- 

erator. Calculate: 

a. The circuit’s resonant frequency. 

b. Each branch current at resonance. 

c. The total line current at resonance. 

Repeat Problem 26-17 using a 50-wH coil. 

For the circuit of Problem 26-17, calculate: 

a. The Q of the circuit at resonance. 

b. The impedance of the circuit at resonance. 

c. The tank current at resonance. 

d. The circuit’s bandwidth. 

For the circuit of Problem 26-18, calculate: 

a. The Q of the circuit at resonance. 

b. The impedance of the circuit at resonance. 

c. The tank current at resonance. 

d. The circuit’s bandwidth. 

Assume now that the signal generator of Problem 26-17 has an internal resis- 

tance of 40 kQ). Calculate the output voltage across the tank circuit at 

a. Resonance. 

b. A frequency where the impedance of the circuit has dropped to 5 kO 
(assume resistive). 
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26-22. 


26-23. 


26-24. 


26-25. 


26-26. 
26-27. 


26-28. 


26-29. 


A 10-mV signal generator of unknown internal resistance is connected in par- 
allel with a 20-kQ resistor, a capacitor, and a coil of negligible resistance. The 
frequency is adjusted until, at 100 kHz, maximum power transfer occurs and 
maximum circulating tank current occurs with a value of 20 pA. Calculate: 

a. The internal resistance of the source. 

b. The Q of the parallel RLC circuit. 

c. The inductance of the coil. 

d. The amount of capacitance. 

A practical parallel resonant circuit is known to have a Q of 4 and a theoretical 
resonant frequency given by 


1 
tr = 2a\V/LC 


of 150 kHz. What is the circuit’s true resonant frequency? 
A practical parallel RLC circuit is measured to have a resonant frequency of 
200 kHz but has a calculated resonant frequency of 210 kHz when the equation 


1 
Ir = 2a\/LC 


is used. Determine the Q of the circuit. 

A 25-uH coil having an ac resistance of 4 Q is connected in parallel with a 
0.05-F capacitor across a radio frequency signal generator. Calculate: 

a. The resonant frequency of the circuit. 

b. The QO of the circuit. 

c. The circuit’s bandwidth. 

Repeat Problem 26-25 using 1 © for the coil’s ac resistance. 

For the parallel circuit of Problem 26-25, calculate: 

a. The minimum resistance to be added in series with the coil to ensure that 
the circuit has no resonant frequency. 

b. The resistance to be added in series with the coil to increase the bandwidth 
to 40 kHz, and the new resonant frequency. 

For Problem 26-27, find the resistance to be connected in parallel with the coil 
to increase the bandwidth to 50 kHz. 

The local oscillator frequency in an FM receiver must always be 10.7 MHz 
above the incoming frequency that ranges 1rom 88-108 MHz. If a 1-wH coil 
is used in a parallel RLC circuit in the oscillator, calculate the range of a 
variable capacitor to tune-in the incoming frequencies. 
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You have seen how ac circuits, because of their reactive 
components, have phase angles associated with current, voltage, 
and impedance. In this chapter, you will examine two coordinate 
systems that include the angular information as well as the 
magnitude. 


The polar system directly indicates both the magnitude and the 
phase angle. The magnitude is always a positive quantity that 
corresponds to the reading of a meter (such as a voltmeter or 
ammeter). The phase angle, which may be either positive or 
negative, is measured from a (positive) horizontal zero-degree 
reference position. This system is particularly useful for multiplying 
and dividing phasor quantities, since it yields answers that include 
both magnitude and phase angle information. 


The rectangular coordinate system consists of a rea/ axis and 
an imaginary j axis. Aj “operator” is used to distinguish between 
one phasor and another phasor (90° out of phase with the first), 
producing a complex number in rectangular form. Complex 
numbers in rectangular form are especially suitable for addition 
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and subtraction, although multiplication and division are also 
possible (if the laws of algebra are observed). 


A complex number in rectangular form can be used to represent 
a series circuit containing resistance and reactance. Then, after a 
rectangular-to-polar conversion, the equation / = V/Z can be used 
to obtain current in a circuit. Similarly, parallel circuits may be 
solved using the concept of admittance (Y) and susceptance (B), 
which are the reciprocals (respectively) of impedance and 
reactance. Finally, complex number theory will be applied to a 
series-parallel circuit, and the use of Thévenin’s theorem to solve 
ac Circuits will be shown. 





27-1 POLAR COORDINATES These two pieces of information for V;, the magnitude 


and phase angle, may be combined into a single notation, 
You saw, in Section 24-3, that the total voltage applied to called the polar form: 
a series RL circuit is the phasor sum of Vp and V;, as V 
shown in Fig. 27-1. That is, the addition of two or more Vr = VV + V2 arc tan — volts (27-1) 
voltages that are not in phase with each other must take Vr 
into account the phase angle between them. For two volt- 


ages that are 90° out of phase (as in Fig. 27-1), the mag- 
nitude of the total voltage is 


|Vr| = VVa + Vi (24-1) 


and the phase angle for V; with respect to J is 


where the symbols are as just shown. 





EXAMPLE 27-1 


Given Vz = 30 V, V, = 40 V, find the polar form of the 


V, 
§ = arc tan “a (24-2a) total voltage applied to the series RL circuit in Fig. 27-1. 
R 





(a) Circuit diagram (6) Voltage triangle (c) Impedance triangle 
FIGURE 27-1 
Voltage and impedance triangles for a series RL circuit to show the use of 
polar coordinates. 
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Solution 


The magnitude of V; is given by 


Vr = VVa + Vi (24-1) 
= (30 V)* + (40 V)* = 50V 
The phase angle is 
Vi 
6 = arc tan — (24-2a) 


Vr 


40 V 
= —=-. - By 
arc tan 30 V 53 


The polar form of V; is 


V; = 50 V /+53.1° 





The answer to Example 27-1 is read as: “‘V7 equals 50 
V at an angle of plus 53.1°.”’ 

The positive sign on the angle is sometimes used to 
distinguish the phasor from circuits in which the phase an- 
gle is negative. A polar coordinate specifies a quantity 
(such as voltage, impedance, or current) in terms of a pos- 
itive magnitude, and either a positive or negative angle. 

A positive angle is measured counterclockwise from the 
0° horizontal reference line; a negative angle is measured 
clockwise from the same reference line. 

As a further example, the impedance of the series RL 
circuit, in polar form (see Fig. 27-1c) is given by 


xX 
Z=VR+X%2 arc tan = ohms (27-2) 


This is because the magnitude of the impedance is 


\Z| = VR? +X; (24-3) 
and the phase angle is 
xX 
@ = arc tan a (24-5a) 





EXAMPLE 27-2 


A series RL circuit has a resistance of 4 0 and an induc- 
tive reactance of 3 (1. Find the circuit’s impedance in po- 
lar form. 


Solution 


(24-3) 
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(40) + 80) =50 


X 
§ = arctan 7 (24-5a) 


30 . 
= arc tan 10 = 36.87 


The polar form of Z is 
Z = 5 0 [36.9° 


Therefore, Z equals 5 © at an angle of plus 36.9°. 





Similarly, for a series RC circuit, the total voltage and 
impedance in polar form are 


Ve 
— arc tan — 


Vr = VV2 + Ve volts (V) 
R 
. 3 

Z = VR’ + X2./ — arc tan i ohms (Q) 


Thus, as an example, Vr = 47 V /—41°, Z = 15.60 
— 64°. 

In a similar way, the current in a circuit can be ex- 

pressed in polar form, such as J, = 3.5 A/—72° or Ip = 


56 mA/+12°. 


At this point, you may wonder about the reason for ex- 
pressing an electrical quantity in polar coordinates. Is it 
merely a convenient notation? 

Polar coordinates provide mathematical methods of 
multiplying and dividing electrical quantities that are very 
easy to perform. The resulting answers give magnitudes 
and phase angles. Also, the polar form is the reading you 
obtain from a meter. An ammeter or voltmeter reading is 
the magnitude of the polar form of the quantity. 

Some instruments provide both magnitude and phase 
angle. Two such instruments, the vector impedance meter 
and the vector voltmeter, are shown in Fig. 27-2. 


27-2 MULTIPLICATION AND DIVISION 
USING POLAR COORDINATES 


In general, the polar form of any quantity can be ex- 
pressed as 


M/® 


where: M is the magnitude 
@ is the phase angle 
You know that M may have units of volts, ohms, and 


(27-3) 


(27-4) 


MULTIPLICATION AND DIVISION USING POLAR COORDINATES 





(a) Vector impedance meter measures the magnitude and phase 
angle of circuit impedance using a single probe 


so on, and that 0 may be positive or negative. Assume that 
you have two phasors given in polar form: 


M,/91, M,/92 


See Fig. 27-3. 
It can be shown that the product of two phasors given 
in polar form is found as follows: 


M,/0; x M}/92 = M\M2/9; ~ 0, 


That is, to multiply two phasors given in polar form, you 
should multiply their magnitudes and algebraically add 
their phase angles. 


(27-5) 


90° Positive 
angles 


O° 





270° Negative 
or —90° angles 


FIGURE 27-3 
Three phasors given in polar form. 
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(6) Vector voltmeter measures the magnitude of, and the 
phase difference between, two voltage vectors from 
1-1000 MHz 


FIGURE 27-2 
Meters to measure polar impedance and voltage. 
(Courtesy Hewlett-Packard Company.) 


Similarly, for division, 


M,/%  M, 


— = i, ~~ h 
Ma /0> uli — & 


That is, to divide two phasors given in polar form, you 
should divide their magnitudes and algebraically subtract 
their phase angles. 


(27-6) 





EXAMPLE 27-3 
Given three phasors: A = 7.5/53°, B = 3/12°, andC = 


5/ — 60°, find: 


a AxsB 
b A+B 
Cc AXxXcC 
da. A+C 
e C+8 
Solution 
a. Ax B = 7.5/53° x 3/12° 


= 7.5 x 3/53° + 12° 
22.5/65° 


_ pp _ 7.5153" 
b A+B= 3/12° 


(27-5) 
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(27-6) 


= “(58° — 12° 


= 2.5/41° 

c. Ax C = 7.5/53° x 5/-—60° 
= 7.5 x 5/53° + (-60°) 
= 37.5/-7° 

7.5/53° 

5/— 60° 


7.5 
= “5 3" — (—60°) 


= 1.5/113° 
5/—60° 
3 12° 
= 2/—60° — 12° 


3 
= 1.67/-72° 


NOTE The result of multiplying (or dividing) two phasors has no 
simple geometric meaning with respect to the original phasors. 
In other words, the result cannot be found graphically. However, 
the result has a simple interpretation when applied to a circuit, 
as shown by Example 27-4. 


(27-5) 


oO. 
> 
i. 
.) 
II 





(27-6) 


e C+B= 





(27-6) 


27-2.1 Application of Polar 
Coordinates to Series Circuits 


You can apply the polar coordinate system to the alternat- 
ing current theory of Chapter 24 as shown in the following 
examples. 





EXAMPLE 27-4. 


A circuit consists of a 50-0 resistor in series with a ca- 
pacitive reactance of 120 ©. A 120-V, 60-Hz supply is 
connected across the circuit. Determine the current and 
the phase angle it makes with the applied voltage. 


Solution 
Xx. 
Z= VR? + X% ~arc tan = (27-4) 
120 
= \/50? + 1207 0 / —arc tan — 
50° + 0 arc tan 50 
= 130 0/—67.4° 
V 
== 24-4 
b= (24-4) 
120 V/o° 


_ 160 VE _ 9.92 A/+67.4° 
130 o/-674 99? [+67.4° 
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I = 0.92 A/+67.4° 0° 






Z = 1300 /-67.4° 





V, = 120 V/0° 


(a) Phasor diagram (b) Impedance triangle 


FIGURE 27-4 
Diagrams for Example 27-4. 


This states that the circuit current is 0.92 A and it leads 
the applied voltage by 67.4°. See Fig. 27-4. 


Note that the polar form of 120 V is 120 V/0°, since 


the applied voltage is made the reference phasor in this 
problem for convenience. 


EXAMPLE 27-5. 


Use polar coordinates to determine the magnitude and 
phase angle of the voltage in Example 27-4 across: 

a. The resistor. 

b. The capacitor. 


Solution 


= 0.92 A/+67.4° x 50 0/0° 

= 46 V/67.4 
b. Vo = IX¢ 

= 0.92 A/+67.4° x 120 2/-90° 
110 V/—22.6° 


(15-15b) 


(23-1) 


Note that the resistance has a polar form of 50 0/0° 


(along the reference axis) and Xc has a polar form of 120 
(/—90°. The phasor diagram in Fig. 27-5b shows how 


the Vp and Vc phasors are 90° out of phase, as required. 
Note, however, that the phasor diagram has been ro- 
tated counterclockwise (67.4°) compared to the diagram in 
Fig. 24-11b. This has been done because the diagram in 
Fig. 27-5b uses the applied voltage in the reference posi- 
tion of 0°, whereas Fig. 24-11b uses current as the refer- 
ence. Current is generally used as a reference for series 
circuits, because it is the same in a// components. 
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I = 0.92 A /67.4° d. Vp =/R (15-15b) 
= 6.4 A/—40° x 5.75 0/0° 
= 36.8 V/-—40° 





Vi. = IX, (20-1) 
= 6.4 A/—40° x 4.8 0/90° 
= 30.7 V/50° 





V.=110V /-22.6° 


See the phasor diagram and impedance triangle in Fig. 
(a) Circuit diagram (6) Phasor diagram 27-6. 
FIGURE 27-5 


Di ms for Example 27-5. 
—_ J Note how the inductive reactance has a polar form of 


4.8 Q/+90°, and how Vp, in phase with J, is 90° out of 
phase with V,. 


EXAMPLE 27-6 


A series circuit with an applied emf of 48 V has a current 

of 6.4 A that lags the applied voltage by 40°. Determine: 27-3 THE j OPERATOR 

a. The type of series circuit. 

b. The amount of impedance in the circuit, using polar 
coordinate notation. | 

c. The resistance and reactance of the circuit. 

d. The voltages throughout the circuit. 


For performing multiplication and division, the polar co- 
ordinate system is ideal. However, addition and subtrac- 
tion are not directly possible in the polar form. Conversion 
to another coordinate system is necessary before these op- 
erations can be readily accomplished. 

Solution Consider a polar coordinate given by 1/90°. From Eq. 


, a 27-5, you know that 
a. Since the current /ags the voltage, the circuit must 


be inductive. 1/90° x 1/90° = 1/180° 
V 
b. Z= 7 (24-4) ~~ But 1/180° = —1 
48 v/o° ° ° 0\2 
= ——_—_ = ; and 1/90° x 1/90° = (1/90 
64 Afap 7 7 0/40° [90° = (1/90°) 
c. R= Zcosé (24-6) Therefore, (1/90°)* = -1 
= 7.50 x cos 40° = 5.75 ©} 
X, = Zsine (24-7) Taking the square root of both sides: 
= 7.50 xX sin 40° = 480 1/90° = V-1 


V1 = 30.7 V [50° 
Ns 





Z = 7.59/40" 
Vp= Vig SEO X, = 4.80 
1=6.4K 6=40° 
R=5.70 


/ 
Vp = 36.5V [|—40° 
(a) Circuit diagram (6) Phasor diagram (c) Impedance triangle 


FIGURE 27-6 
Diagrams for Example 27-6. 
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You know from mathematics that \V —1 is an imagi- 
nary number (there is no real number that, when squared, 
is equal to — 1). Mathematicians use the letter 7 to repre- 
sent this imaginary number (\/ — 1). However, to avoid 
confusion with the symbol for current, the letter symbol j 
is used in this book to represent \V —1. But more impor- 
tant, you can now see that 


j=V-1=1/0 or jfl=jx1= 1/90° 


This means that if you write j2 (or j X 2), you are 
representing 2/90°. The effect of placing aj in front of a 
real number is to cause a vector representing that real 
number to be rotated counterclockwise through an angle 
of +90°. 

For this reason, j is referred to as an operator. It 
operates on or modifies a number by rotating it through 
a positive angle of 90°. 

Thus you can think of an imaginary axis with divisions 
of j1, 72, 73 (and so on), drawn vertically upward from 
the real axis, as in Fig. 27-7. This is the positive imagi- 
nary axis. 

Now consider the effect of multiplying 7 by /. 


fpHaiyxj=V-1xvV-1= -!1 


Similarly, j7 x 2 = —2, and so on. 

Thus, multiplying a positive imaginary number by / op- 
erates on the number to rotate it a further 90° to the nega- 
tive real axis. 

Now, if you multiply —1 by j, you obtain 


—1 x j = 1/180° x 1/90° = 1/270° = —j 


Positive 
imaginary 
axis 


Positive 
real 
axis 


Negative 
real 
axis 





Negative 
imaginary 
axis 


FIGURE 27-7 
Real and imaginary axes make up the complex 
number plane or the rectangular coordinate system. 
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Imaginary, positive 
+] 


Real, negative Real, positive 





Imaginary, negative 


FIGURE 27-8 

Showing how i operates on any number, real or 
imaginary, to rotate that number through an angle 
of +90°. 


This establishes a negative imaginary axis due to the 
additional 90° rotation. Note that 


-1xj=jfxXj=pe=-j 


Finally, —jxj= j= -(-)D=1 
or pxjafl 
See Fig. 27-8. 


27-4 RECTANGULAR COORDINATE 
SYSTEM 


You now have a method of distinguishing between a pha- 
sor that is horizontal and another phasor that is 90° out of 
phase. Simply placing a j in front of the quantity indicates 
that a phase angle of +90° is associated with that number. 
Similarly, a —/ in front of a quantity indicates that a phase 
angle of —90° is associated with that number. For exam- 
ple, if a voltage is the sum of two voltages, one 90° out of 
phase with the other, you can show this sum with an ad- 
dition sign if you use the 7 term. 

Thus, for a series RL circuit, where V; leads the resistor 
voltage Vr by 90°, the total applied voltage is given, in 


rectangular form, by 
Vr = Vr 7 Vr (27-7) 
Similarly, Z=R + jx, (27-8) 


See Fig. 27-9. 


ADDITION AND SUBTRACTION USING RECTANGULAR COORDINATES ~ 


JV Vere tJVz 





(a) Phasor diagram 


It is conventional practice to write the real number 
first, followed by the imaginary number. Such a num- 
ber, because it is the combination of a real and an 
imaginary number, is called a complex number. 

For a series RC circuit, it follows that the rectangular 


coordinate system gives 


Vr = Vr -— IVc (27-9) 


and Z=R— jXc (27-10) 


Thus, the impedance of a series RC circuit may appear as 
Z = 20 — j50 Q. This simply means that the circuit con- 
sists of a 20-Q) resistance in series with a capacitor whose 
reactance is 50 (. 

Also, an impedance of Z = 4.7 + j2 kQ represents a 
series circuit with a 4.7-kQ resistance and an inductive 
reactance of 2 k{). 

For a series RLC circuit, 


Z=R+ j(X, — Xe) 
Vr = Vr + JVi — Vo) 


(27-11) 
(27-12) 


See Fig. 27-10. 

Again, it may seem all that has been gained with rec- 
tangular coordinates is a compact system of combining 
components that are 90° or 180° out of phase. The real 
value, however, is the mathematical manipulation that this 
system permits for solving complex circuit problems. 





(6) Impedance diagram 
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FIGURE 27-9 


Rectangular coordinate 
representations for a series 
RL circuit. 


27-5 ADDITION AND SUBTRACTION 
USING RECTANGULAR 
COORDINATES 


Addition and subtraction of phasors is especially simple 
when the phasors are given in rectangular form. (Recall 
that polar quantities do not lend themselves to addition and 
subtraction. ) 

Assume two phasors given in rectangular coordinates: 


a + jb, c + jd 


The sum of the two phasors is found by algebraically add- 
ing together first the real parts, then the imaginary parts 
(respectively). 


(a + jb) + (c + jd) = (a +c) + f(b +d) (27-13) 


The geometric result of the addition of two phasors is 
shown in Fig. 27-1la. This applies whether the phasors 
are given in polar or rectangular coordinates. Similarly, 
the subtraction of two phasors requires the algebraic sub- 
traction of their real and imaginary parts: 


(a + jb) — (c + jd) = (a —c) + f(b —d) (27-14) 

Figure 27-116 shows that subtraction can be thought of 
as adding the negative of the phasor to be subtracted. That 
is, if V; = a + jb, then —V,; = —a — jb. Adding —V, 
to V, results in V, — Vj. 


R=4,7 ko R=400 
R=200 
Z = 20 - j500 aS el Z = 40 + j (80 - 30) 
+ j2kO x =809/ = 40+ 7502 
= L~ 
X= 500 xX, = 2kO 
c= 
ot Impedance of series circuits 


(a) Series RC circuit (6) Series RL circuit 


(c) Series RLC circuit 


in rectangular coordinates. 
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Imaginary 
axis 







(a + jb) + (c + jd) = 


ae (at+c)+ 7 (b+ ad) 


| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 


(a +c) 
(a) Addition 


Imaginary axis 





(6) Subtraction 


FIGURE 27-11 
(a) Addition and (b) subtraction of complex numbers 
in rectangular coordinates. 


EXAMPLE 27-7 


Given three complex phasors: A = 3 + j/7,B = 4 — f5, 
and C = —6 + f8. Find: 

a A+ B. 

b. A-B. 
c B+ C. 
d. B-C. 


Solution 
a A+B=3+j/7+4-f5 


= (3 + 4) + j(7 — 5) (27-13) 
=7 + j2 
b. A- B= (3 +7) — (4 — 5) 
= (3 — 4) + f(7 — (-5)) (27-14) 
= -1+f12 
orA-B=A+(-B) 


=3+/7+ (-4 + 5) 
(3 — 4) + j(7 + 5) 
—~1 + j12 
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c B+C = (4 — f5) + (-6 + /8) 


= (4 — 6) + j(—-5 + 8) (27-13) 
= -2+ 3 

d. B—C = (4 — j5) — (-6 + 8) 
= (4 + 6) + ((-5 — 8) (27-14) 


10 — j13 


27-5.1 Application of Rectangular 
Coordinates to Series Circuits 


The total impedance of a series circuit is the sum of the 
impedances throughout the circuit. 


Zr = 2,+2,+23,+°:°:+Z, (27-15) 


Although Eq. 27-15 applies to polar and rectangular co- 
ordinates, it is the rectangular form that is most useful, as 
shown by Example 27-8. 


EXAMPLE 27-8 


Two coils and a capacitor are connected in series. The 
first coil has a resistance of 20 © and a reactance of 50 
Q; the second coil has a resistance of 15 0 and a reac- 
tance of 35 ©; the capacitor has a reactance of 10 0. 
Find the total series impedance. 


Solution 


P= 2, & Ze 4 Ze 
= (20 + j50) + (15 + /35) — j10 
= (20 + 15) + j(50 + 35 — 10) 
= 35 + j75 


(27-15) 


See Fig. 27-12. 
Note that the original circuit is equivalent to a series cir- 
cuit of 35-Q resistance and 75-Q inductive reactance. 





You know that Kirchhoff’s voltage law must be obeyed 
in any series circuit. Thus 


Vr = Vi, + V2 + V3 + °°: + 'V,;z (27-16) 


as shown by Example 27-9. 


EXAMPLE 27-9 


Three loads are series-connected across the 120-V line. 
The first load has a voltage given by 40 + /30 V; the 


MULTIPLICATION AND DIVISION USING RECTANGULAR COORDINATES 


(20 + 15) +7 (50 + 35 - 10) = 35+ 7750 


Rp = 350 X,p= 759 
FIGURE 27-12 


Addition of impedances in rectangular coordinates 
for Example 27-8. 


second load has a voltage given by 25 — /90 V. Find the 
rectangular form of the voltage across the third load. 


Solution 
Vr = Vi + Vo + Vo (27-16) 
120 + jO = (40 + j30) + (25 — /90) + V5 
Therefore, 


V3 = (120 + j0) — (40 + /30) — (25 — j90) V 
= (120 — 40 — 25) + j(0 — 30 — (-90)) V 
= 55 + j60V 


Note that the answer given for V3 in Example 27-9 is 
not what a voltmeter would read. A voltmeter indicates the 
polar form, not the rectangular form. You will learn how 
to convert from rectangular to polar in Section 27-7. 


27-6 MULTIPLICATION AND DIVISION 
USING RECTANGULAR 
COORDINATES 


Although the processes of multiplication and division are 
most easily carried out using polar coordinates, these pro- 
cesses are not difficult using the rectangular form. 
Given two complex numbers 
@ + Jo, GF jd 
the product is given by 


(a + jb)(c + jd) 


ac + jad + jbc + j*bd 
= ac + j*bd + j(ad + be) 


But jf=-l 
Therefore, 


(a + jb)(c + jd) = (ac — bd) + j(ad + be) 
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This is not to be used as a formula. It shows that mul- 
tiplication in rectangular form follows the distributive law 
of algebra. The result is a complex number with a real and 
an imaginary part. 

Similarly, the division of two complex numbers given 
in rectangular form also follows the laws of algebra, re- 
quiring a rationalization of the denominator. 

Given two complex numbers 








a+ jp, c + jd 

their quotient is given by 
a+jb a+yjb_c-— jd 
crjd etjd ¢-— jd 


ac — jad + jbc — j*bd 
c* — jed + jed — j’d’ 
_ (ac + bd) + j(bc — ad) 


a 
ac + bd bc — ad 
24 PI 4 PP 


Note that c — jd is the conjugate of c + jd. Multiply- 
ing the numerator and denominator by c — jd does not 
change the original fraction. It does, however, provide a 
real number in the final denominator because the imagi- 
nary components cancel. (See Example 27-10.) 





EXAMPLE 27-10 


Given two complex numbers, A = 5 + j8, B = 7 — 4, 
find: 


a. Ax B. 
b. A/B. 
Solution 


a. A X B = (5 + j8)(7 — 4) 
= 35 — j20 + j56 — j°32 
= (35 + 32) + j(56 — 20) 








= 67 + j36 
5 + /8 

. AIB = 

b. AB = 7 
—5+j8 74+ 54 
7-j4°° 7+ j4 


35 + j20 + j56 + /732 
49 + j28 — j28 — j716 
(85 — 32) + j(20 + 56) 
(49 + 16) + jo 
3 + j76 
65 
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_38, 7% 
65 | /65 
~ 0.05 + j1.17 


As you shall see in Section 27-8, an alternative to the 
procedures shown in Example 27-10 requires the conver- 
sion of the rectangular form into polar coordinates. How- 
ever, if the result is required in rectangular form, another 
conversion must be made from the polar form after multi- 
plying or dividing. In this case, the procedures shown in 
Example 27-10 may be easier. 


27-6.1 Application of Rectangular 
Coordinates to Parallel Circuits 


If two impedances (Z; and Z,) are connected in parallel, 
their total impedance is 
_4,X% LZ, 


gpa. tes 27-17 
TZ + Z, ( ) 


where all impedances are given in complex numbers. 





EXAMPLE 27-11 


A coil of 5-O resistance and 8-© reactance is connected 
in parallel with a second coil having a resistance of 4 
and a reactance of 6 ©. Find the total impedance. 


Solution 


2, X% £2 
2 Le 
(5 + /8)(4 + j6) 
(5 + j8) + (4 + j6) 
20 + j30 + j32 + j*48 
(5 + 4) + j(8 + 6) 
(20 — 48) + (30 + 32), 
9 + j14 
—28 + j62 
9+ /14 
—28 + j62_ 9 — j14 
9 + j14 9 — j14 
_ —252 + j392 + j558 — j*868 “ 
81 + 196 
(868 — 252) + j(392 + 558) ,, 
81 + 196 
616 + j950 


= —o77_—O 


Zz (27-17) 
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2.2 i) 


X71 = 80 X09 = 60 


3.40 


(a) Original parallel circuit 


FIGURE 27-13 
Circuits for Example 27-11. 


(b) Equivalent series circuit 


_ 616 | 950 
~ 977 | /977 
~ 2.2 + j3.40 


See Fig. 27-13. 


NOTE The total parallel impedance is equivalent to a series 
combination of a 2.2-Q resistance and a 3.4-( inductive react- 
ance. A complex number in rectangular coordinates is al- 
ways interpreted as a series impedance. 


EXAMPLE 27-12 


A coil having a resistance of 4 © and an inductive react- 
ance of 2 © is connected in parallel with a capacitor 
whose reactance is 3 (. Find the total impedance. 








Solution 
2.kZ 
Z; = Zaz, (27-17) 

_ __ (4 + fey(=/8)__ 

(4 + j2) + (0 — js) 

=a = 2 
_ afl I 6 

4-f1 

_ 6 —/l2 
— 4-ft 
 6-fl2 44+ 1 
— 4-fl 44 ft 

24 + j6 — j48 =I Ae 
7 16 — j71 
_ 36 — j42 
=—47_ 0 
_ 36 42 
~ 47 4Ai7 
~21—-—j250 

See Fig. 27-14. 


~~ 


CONVERSION FROM RECTANGULAR TO POLAR FORM 


2.10 


i 


(6) Equivalent series circuit. 


I 


Xp =30 


(a) Original parallel circuit 


FIGURE 27-14 
Circuits for Example 27-12. 


Note that in this case, the equivalent circuit is capaci- 
tive. If more than two impedances are parallel-connected, 
they can be combined two at a time, as was the situation 
with parallel resistances. (See Section 6-4.) 

Finally, note that you now have a method of obtaining 
the impedance of a parallel circuit directly. You do not 
have to assume a voltage, find the individual currents and 
their sum, and finally obtain Z; from V/I;, as you did in 
Chapter 24. 


27-7 CONVERSION FROM 
RECTANGULAR TO POLAR 
FORM 


It may be more convenient to work with a complex num- 
ber in polar form, especially for multiplication and divi- 
sion. A phasor can be converted from rectangular to polar 
coordinates using the Pythagorean relationship, as shown 


in Fig. 27-15. 


Imaginary 





6 = arc tan 2 
a 





(a) Rectangular form 


FIGURE 27-15 
Conversion from rectangular to polar form. 


(6) Polar form 


359 


Given a complex number a + jb, it can be converted 
to the form M/6 as follows: 


at+jb=V a+b’ arc tan“ (27-18) 


Care must be taken if a real number is negative, as 
shown by Example 27-13. 


EXAMPLE 27-13. 


Convert the following to polar form: 


a. 3+ f4. 
b. 5 — 12. 
c. —-4+4+ 6. 
d. —4 — j6. 
Solution 


a. 3+ /4 = V3*° + 4°/arc tan 4 (27-18) 
= 5/53.1° 
b. 5 — f12 = V5* + 12° /arc tan — 2 (27-18) 


= 13/-67.4° 


c. Make a sketch of the complex number as in Fig. 27- 
16a. 


M= V4 + @ = 7.2 
od = arctan? = 56.3° 
6 = 180° — 56.3° = 123.7° 


Therefore: —4 + j6 = 7.2/123.7° 
d. Make a sketch as in Fig. 27-16b. 
M = 7.2 
@ = —(180° — 56.3°) = —123.7° 
Therefore, —4 — j6 = 7.2/-—123.7° 
or —4 — j6 = 7.2/180° + 
= 7.2/180° + 56.3° 
7.2/+236.3° 





Note that the polar coordinate angle can be given as 
a positive or negative number, but the magnitude is al- 
ways positive. Generally, if the positive angle is more 
than 180°, it is conventional to express the coordinates 
with a negative angle. 

Most scientific calculators have a coded program for 
rectangular/polar conversions that avoid the difficulties 
arising from numbers being in the second and third quad- 
rants. These programs vary, but the one that follows ap- 
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Imaginary 






6 (positive) 





O° (Real) 


(a) Example 27-13c 


FIGURE 27-16 
Sketches for Example 27-13. 


plies for one of the Texas Instruments type of calculators.* 
Convert —4 — j6 to polar coordinates. 


Enter Press Display Comments 
—4 X:Y 0 Enters real part 
—6 INV 2nd 18 —123.7° Displays 0 

xy te Displays M 
Therefore, —4 — j6 = 7.2/—123.7° 





EXAMPLE 27-14 


A coil having an ac resistance of 20 © and an inductive 
reactance of 50 © is connected in parallel with a Capac- 
itor that has an ac resistance of 10 2 and a capacitive 
reactance of 20 ©. Calculate the total impedance. 


Solution 


_ 4,x £2 

~ 2, + Zo 

(20 + j50)(10 — j20) 5 
20 + j50 + 10 — j20 

_ 53.9/68.2° x 22.4/-63.4° o 

7 30 + j30 


1207.4/4.8° 


~— 42.4/45° 


= 28.5 0/-40.2° 


Z. (27-17) 





*In some calculators (such as the TI-55 shown in Fig. 1-1), press 
INV 2nd P — R or the button marked — P, instead of pressing INV 2nd 
‘*18”’ (the code for rectangular-to-polar conversion). 






COMPLEX NUMBERS 


Imaginary 


O° (Real) 


6 (negative) 


(b) Example 27-13d 


27-8 CONVERSION FROM POLAR TO 
RECTANGULAR FORM 


The answer to Example 27-14 suggests a total impedance 
that is capacitive. To determine how much is capacitive 
and how much is resistive, however, requires a polar-to- 
rectangular conversion. That is, you can only identify an 
impedance in terms of series resistance and reactance when 
the impedance is given in rectangular coordinates. 

The conversion from polar to rectangular can be done 
using right-angled trigonometry, as shown in Fig. 27-17. 

Given a complex number in polar form M/@, it can be 


converted to the form a + jb as follows: 


M/® = Mcos® + jMsin®@ (27-19) 


This equation applies to all angles, positive or negative, 
with no restrictions. 





EXAMPLE 27-15 


Determine the components of the equivalent series 
impedance in Example 27-14, where 2; = 28.5 


O/ — 40.2°. 


Solution 
Zr 


28.5 O/ —40.2° 
28.5cos(—40.2°) + j28.5sin(—40.2°) 
28.5 x 0.76 + j28.5 x (—0.65) 


21.7 -— j18.50 


Thus the total impedance is equivalent to a resistance 


CONVERSION FROM POLAR TO RECTANGULAR FORM 


Imaginary 


S 


[a 
56=M siné 





O : Real 
a= Mcos@ 


FIGURE 27-17 
Conversion from polar to rectangular form. 


of 21.7 © in series with a capacitor having a reactance 
of 18.5 Q. 





It is wise, when making conversions, to make a sketch 
of the initial coordinates (whether polar or rectangular) to 
check that the converted number falls into the correct 
quadrant. 





EXAMPLE 27-16 


Two coils and a capacitor are connected in series across 
a sinusoidal supply. The voltages across the coils are 50 
v/20° and 30 V/50°. The capacitor’s voltage is 75 
V/—80°. Calculate the supply voltage. 


Solution 
By Kirchhoff’s voltage law, 


Vr = V; + Vo + V3 (27-16) 


V, = 50 V/20° = 50 cos 20° 
+j50 sin 20° = 47 + /17.1V 
V> = 30 V/50° = 30 cos 50° 
+j30 sin 50° = 19.3 + j23 Vv 
V,; = 75 V/—80° = 75 cos (—80°) 
+j75 sin (—80°) = 13 — j73.9 V 
V, = (47 + 19.3 + 13) +/(17.1 + 23 — 73.9) V 


Therefore, V; = 79.3 — j/33.8 V = 86.2 V/—23.1° 


Note that it is necessary to convert to the polar form to 
obtain the total voltage that would be indicated by a volt- 
meter. 
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A polar-to-rectangular conversion (in a way similar to 
the rectangular/polar conversion in Section 27-7) can be 
made on some scientific calculators as follows*: 

Convert 5/30° to rectangular coordinates. 


Enter Press Display Comments 
5 xX:y 0 Enters magnitude 
30° 2nd 18 2.5 Value of imaginary 
X:y 4.3 Value of real 


Therefore, 5/30° = 4.3 + j2.5 


Note that for the TI calculator, the imaginary part of 
the complex number is displayed first. A rough sketch of 
5/30° would make it clear that the smaller number must 


be the imaginary component. 





EXAMPLE 27-17 


A parallel circuit has two branches and draws a total cur- 

rent of 58 mA/35° from a 120-V, 60-Hz source. If the 

current in one branch is 35 mA/—20°, calculate: 

a. The current in the other branch, as indicated by an 
ammeter. 


b. The total impedance of the parallel circuit. 
c. The total true power dissipated in the whole circuit. 
d. The total reactive power in the whole circuit. 
e. The power factor of the whole circuit. 
Solution 


a. By Kirchhoff’s current law, 
I; = I, a I, 
Therefore, 


lr = 1, — |; 
= 58/35° — 35/—20° mA 
= (47.5 + j33.3) — (32.9 — j12) mA 
= 14.6 + j45.3 mA 
= 47.6 mA/72.1° 


b. es 


. (24-4) 


*In some calculators (such as the TI-55 in Fig. 1-1), press the button 
marked P — R or — R, instead of pressing ‘‘18.’’ 
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Ip = 58 mA [35° 





(a) Circuit diagram 


120 V/o° 
58 mA/35° 
= 2.1 kQ/-35° 
2.1 kQ/—35° 

= 1.7 - f1.2kO 

This means that the circuit is equivalent to a current 
of 58 mA flowing through a resistance of 1.7 kQ as 
far as total true power is concerned. 


c. Zr 





P; = [AR (15-12) 
= (58 x 10°°A)®? x 1.7 x 10° 0 
= 5.7W 
d. Py = l6Xc (25-5) 
= (58 x 10°° A)? x 1.2 x 10° 0 
= 4vars 
e. P, = FZ (25-9) 
= (58 x 10°° A)? x 2.1 x 10° 0 
= 7.1VA 
Or, P, = Vir (25-7) 
= 120 V x 0.058 A 
= 7.1VA 
f. Power factor = cos 8 = = (25-12) 
5.7 W 
- = 71va °° 
’ Power factor = cos @ (25-12) 
= cos 35° 
= 0.8 (leading) 


See Fig. 27-18. 





27-9 PHASE-SHIFTING CIRCUITS* 


In Chapter 24, you saw how the circuit of Fig. 27-19 pro- 
vided an output that decreased in magnitude as the fre- 


*This section may be omitted with no loss of continuity. 
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Ip = 47.6 mA [72.1° 





Ip = 58 mA | 35° 


FIGURE 27-18 

(a) Circuit and (b) 
phasor diagrams for 
Example 27-17. 


V = 120V [0° 


1, = 35 mA [-20° 


(b) Phasor diagram 


quency increased. (Refer to Section 24-6.1, Fig. 24-16.) 
In this section, you will learn about a method, using com- 
plex numbers, to determine how the phase angle between 
V, and V; varies with frequency. This has an application 
in controlling the instant at which a semiconductor switch 
will begin conducting (thus varying the average current 
flowing through a lamp or motor). The action of these 
phase-shifting circuits is illustrated in Example 27-18. 





EXAMPLE 27-18 


Given the AC circuit in Fig. 27-19. 

a. Determine an expression for V,/V; in terms of R and 
Xo that gives both the magnitude and the phase an- 
gle. 

b. Find the numerical values of the magnitude and 
phase angle for V,/V; at various frequencies, from 10 
Hz to 20 kHz. 

c. Calculate the frequency where the phase angle be- 
tween V, and V; is — 45°. 

d. Determine the magnitude of V,/V;, where the phase 
angle is — 45°. 

e. Draw two graphs of V,/V; versus f, showing how 
magnitude and phase angle vary with frequency. 


Solution 
V; 
a l=Z (24-4) 
R=5ka 
"i 0.05 pF Vo 
; _/ [| 


FIGURE 27-19 
Circuit for Example 27-18. 


PHASE-SHIFTING CIRCUITS 


YY 
— R- jXo 
Vo = 1x (-jXo) 
V, | 
R — jXc —[Xc 
V,_ —jXe 
Ye R=, 


Multiply numerator and denominator by j. 


Wo Os. 
V; Xo t+ JR 
V, Kes 


Vi VXe + R*/+arc tan R/Xo 

Vo _ Xc/— are tan R/X¢, 

Vi VX2 + R? 

V Xo 

—| = === Is the 
VR? + Xé 


Vj 
same as obtained in Eq. 24-12, but the use of com- 
plex numbers has also provided a way of obtaining 


Note that the magnitude 








the phase angle, 8 = —arc tan R/Xc. 
b. Atf = 1 kHz, (23-2) 
1 
Xo = QutC 
_ 1 
- Qa X 1X 10° Hz Xx 0.05 x 10°°F 
= 3.2 kO 
Vo Xc 
— = ——/- arc tan AiX-, 
Vj VR? + Xé 
_ 3.2 kD es 5 kQ, 
(V5 + 3.2 ep ean 3.2 kQ 
3.2 kQ 
— =i . 
59 KL arc tan 1.563 
= 0.54/-57.4° 
Values of V,/V; at other frequencies are shown in 
Table 27-1. 
c. For the phase angle between V, and V; to be — 45° 
requires 
arc tan R/X>o = 45° 
or R/Xco = tan45° = 1 
Thus Xo must equal R: 
we 
QnfC 
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TABLE 27-1 
Magnitudes and Phase Angles of V,/V; for 
Example 27-18. 





Xc 

f,Hz Xo, kQ VR*°+ XE RIX, —arc tan RIX; 
10 | 320 1.00 0.016 —0.9° 
100 | 32 0.99 0.16 —8.9° 
500| 6.4 0.79 0.78 — 38.0° 
637 | 50 0.71 1.00 —45.0° 
1000| 3.2 0.54 1.56 = 574° 
5000; 0.64 0.13 7.81 —82.7° 
10,000| 0.32 0.06 15.63 — 86.3° 
20,000; 0.16 0.03 31.25 — 88.2° 


~ On X 5 xX 10° X 0.05 X 10°F 

















= 636.6 Hz 
d. The magnitude of V,/V; is 
Mo} _ Xe 
Vi) VRB +x 
When the phase angle is — 45°, X, = R; therefore, 
Vo} _ R 
Vil} VR? + R? 
= Tes VERT UB OTOT 


Vo 


e. Graphs showing how and the phase angle vary 








i 
with frequency are shown in Fig. 27-20. 





Note that the expression obtained for V,/V; in Example 
27-18 may be written in a different form: 


Vo _ _ Xe 
V; Xc + JR 
a 
1 + jR/Xc 
1 
xXc = = 2-2 
But C afC ( ) 
V~ 1 


Therefore, Vv; _ 1 + j2afRC 


When fis small, 27fRC << 1, and V,/V; ~ 1. That is, V, 








10 100 1 k 10 k 100 k 
(a) Magnitude vs. frequency 


10 100 1k 10 k 100 k 
O° i Hz 


=45° 


—90° 


Phase 
angle, 0 
(b) Phase angle vs. frequency 


FIGURE 27-20 
Graphs of magnitude and phase angle versus 
frequency for Example 27-18. 


is approximately equal to V; in magnitude and phase. 
When f is large, 2mfRC >> 1, and 








Vo | 
V;  j2mfRC 
~ | 
27fRC/90° 
1 
~ — 90° 
FafRC 


That is, V, is small compared to V; and lags behind V; by 


@ = 0° 
I I 
Vi . LV; 
Vo = V; @6= —45 


Vo = 0./707V; 







1 


(a) f small (b) f= a 


FIGURE 27-21 


Phasor representations of V, and V; for Example 27-18. 
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almost 90°. For the special case of 2mfRC = 1 orf = 
1 


mRC 





1 
= —— = 0.707/=45° 
V2 45° a 


The phasor representations for these three cases are 
shown in Fig. 27-21. 

The circuit of Fig. 27-19 is used at a fixed frequency of 
60 Hz with the R variable (typically 1-100 kQ, C = 0.5 
WF) to provide a phase-shifting function. That is, V, can 
be made to lag behind V; by 0° to 90° by varying R. This 
‘‘delayed’’ voltage is applied to the gate of a silicon-con- 
trolled rectifier (SCR) or a TRIAC to vary the point at 
which these solid-state switches will conduct and allow 
current to flow through a load. This, in turn, may vary the 
brightness of a lamp in a dimming circuit or the speed of 
a motor. (See Problem 27-35.) 

It is also possible to provide a phase shift where the 
output voltage leads the input voltage. This is accom- 
plished by interchanging the locations of R and C in Fig. 
27-19. In this case, V, (although small) leads V; by almost 
90° at low frequencies, dropping to 0° at high frequencies 
where V, and V; are approximately equal in magnitude. 
(See Problem 27-36.) 


27-10 APPLICATION OF COMPLEX 
NUMBERS TO SERIES- 
PARALLEL CIRCUITS 


In Section 6-7, you solved for current and voltage drops 
in a series-parallel resistance circuit. You can now apply 
complex number theory to any ac circuit using an approach 


(c) f large 


APPLICATION OF COMPLEX NUMBERS TO SERIES-PARALLEL CIRCUITS 565 





23 

FIGURE 27-22 

Circuit for Example 27-19. 
similar to that used in Section 6-7, except that you must = 100 + /125.7 
include phase angles. Voltage-divider and current-divider (220 + j251.4) x (150 — /198.9) 
rules apply equally well to dc resistance and ac circuits (220 + j251.4) + (150 — /198.9) 
when complex numbers are used, as shown in Example = 100 + /125.7 
27-19. 334.1/48.8° x 249.1/—53° 

370 + /52.5 
83,224/ —4.2° 


= 125.7 4 Coe 
00 + N25.7 + 3737/81" 
100 + /125.7 + 222.7/-12.3° 9 


, seis | 100 + /125.7 + 217.6 — j47.40 
Given the circuit in Fig. 27-22, calculate: ~ 317.6 + /78.30 


a. The total impedance of the whole circuit. 327.1 0/13.8° 
b. The total supply current. 

c. The reading of a voltmeter connected across Z,. 
d. The current through the capacitor. 


EXAMPLE 27-19 


b ie ~ (24-4) 


24 Vio" = 0.0734 A/—13.8° 





Solution ~ 327.1 0/13.8° — 
a. X, = 2nfL, (20-2) = 73.4 mA/—13.8° é 
_ -—3 
7 — -_ Hz x 50 x 10°~H c. V, = IZ, (24-4) 
= 125. = 0.0734 A/—13.8° x (100 + /125.7 0 
= 0.0734 A/—13.8° <x 160.6 0/51.5° 
X12 = 2utL. = 251.4 QO = 11 8 V/37 r 
Zo = Ro + jXip = 220 + j251.40 ot 
1 £2 
= --_ - ‘ = = -12 
Xo = SHC (23-2) Be hee te ee ene! 
_ 1 = 73.4 mA/—13.8° 
2a X 400 Hz x 2 x 10 °F 220 + j251.4 
ee a 1 
= 198.9 0 (220 + j251.4) + (150 — /198.9) 
Z3 = Rg — jXo = 150 — /198.90 A8.8° 
er he = 73.4 mA/—13.9° x StL SS 048.8" 
Z,=2Z,+2Z, 373.7 0/8.1° 
= Z,+ Z| Zz = 73.4 mA/—13.8° x 0.894/40.7° 
= 7, 4 2% = 65.6 mA/26.9° 





Zo + Lz 
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27-11 CONDUCTANCE, 
SUSCEPTANCE, AND 
ADMITTANCE 


There is an alternate method for solving parallel ac cir- 
cuits. It involves the reciprocals of resistance, reactance, 
and impedance; these reciprocals are called conductance, 
susceptance, and admittance, respectively. Refer to Fig. 
27-23. 

You can express the total current in a pure parallel cir- 
cuit in rectangular form: 


vivivioy 
a a R Ay 
to. od 


Therefore, 


In Eq. 2-5, 1/R was defined as conductance (G), mea- 
sured in siemens (S). Conductance is the ability of a pure 
resistance to pass electric current. 

Now, 1/X;,, can be defined as the inductive susceptance 
(B,) and 1/X¢ as the capacitive susceptance (Bc), mea- 
sured in siemens (S). Susceptance is the ability of a pure 
inductance or pure capacitance to pass alternating current. 

Similarly, 1/Z can be defined as admittance (Y), mea- 
sured in siemens (S). Admittance is the overall ability of 
a circuit to pass alternating current. Note that G, B, and Y 
are all measured in siemens: 


B, = = siemens (27-20) 
XL 
1 : 

Bo == siemens (27-21) 
Xc 





(a) Circuit diagram 
FIGURE 27-23 
Complex numbers applied to a parallel circuit. 


COMPLEX NUMBERS 


1 
Y= 7 siemens (27-22) 
where all terms are as previously defined. 
You now can write, for a parallel RLC circuit, 
Y = G — jB, + jBc siemens (27-23) 


where: Y is the total admittance of a pure parallel circuit, 
in siemens (S) 
G is the conductance, in siemens (S) 
B,, is the inductive susceptance, in siemens (S) 
Bc is the capacitive susceptance, in siemens (S) 
Note that, in contrast to a series impedance expression 
(Z = R + jXz, — jXc), inductive susceptance is preceded 
by a negative j and capacitive susceptance is preceded by 
a positive J. 
Once the total admittance of a parallel circuit has been 
obtained, the following information is available: 


1. The impedance can be found from 


Lr ohms (27-22) 


= ¥. 

2. The components of an equivalent parallel circuit can 
be identified if the admittance is given in rectangular 
form. (This corresponds to the equivalent series 
components for impedance given in rectangular 
form. ) 


For example, if the admittance of a complex ac circuit, 
series or parallel, is reduced to 


Y, = 0.01 + j0.02S 


you can interpret this as an equivalent parallel circuit with 
G = 0.01 S and Bc = 0.02 S. That is, the equivalent 
circuit would consist of a resistance 





(6) Phasor diagram 
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(a) Y=0.01+j7 0.0258 (6) Z=20.4- 7 40.70 


FIGURE 27-24 
Equivalent parallel and series circuits. 


1 1 
R=—= 


= = 100 0 
G 0.018 





in parallel with a capacitor having a capacitive reactance 
of 


= 500 





See Fig. 27-24a. 
You can also find the polar form of an admittance and 
then find the equivalent impedance. For example, 


Yr = 0.01 + j0.02 S 


= 0.022 $/63.4° 
1 
Zr= > 27-22 
ry (27-22) 
1 
Se = HS 0-H 
0.022 S/63.4° 


= 20.4 — j40.70 


This represents a series circuit of 20.4-Q resistance and 
40.7-Q, capacitive reactance. (See Fig. 27-24b.) The two 





ZY, 


(a) Original circuit 
FIGURE 27-25 
Circuits for Example 27-20. 





O 
Yr = 0.0306 — 7 0.0227 S 


(6) Equivalent parallel circuit 
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circuits in Fig. 27-24 are equivalent to each other in all ac 
applications. This is the method by which a practical res- 
Onant circuit was converted to a theoretical parallel reso- 
nant circuit in Section 26-8. (See Fig. 26-15 and Eqs. 26- 
10 and 26-11.) 

It should be noted that in any parallel circuit, 


Yr = Y, + i> Yo + 77 + Ty siemens (27-24) 


as shown in Example 27-20. 


EXAMPLE 27-20 


For the parallel circuit given in Fig. 27-25a, calculate the 
following component values using the method of admit- 
tances: 

a. An equivalent parallel circuit. 

b. An equivalent series circuit. 


Solution 
a. Z, = 20 + j500 = 53.9 0/68.2° 
1 


Y= > (27-22) 
1 
1 fe} 
— 53.9 0/68.2° '68.2° = 0.0185 S/ — 68.2 
= 0.0069 — 0.0172 S 
Z> = 25 + j400 = 47.2 0/58° 


Z, 
1 ° 


= 0.0112 — j0.0180S 
Zz, = 40 — j40 0 = 56.6 0/—45° 


R 
210 


Zp = 21+ 715.69 


(c) Equivalent series circuit 
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1 
5 27-22 
Ys = 5, (27-22) 


= alae —A5° = 0.0177 S/45° 
0.0125 + j0.01255S 
Yr = Y; + Yo + Yo (27-24) 
= (0.0069 — j0.0172) + (0.0112 — j0.0180) 
+ (0.0125 + j0.0125) S 
= 0.0306 — j0.0227 S = 0.0381 S/—36.6° 


For an equivalent parallel circuit: 


Yr = G = jB, 
, 
=—7 2-5 
aay: (2-5) 
1 
= 32.7 0 
0.0306 S a 
1 
=— 27-20 
ha (27-20) 
= 44.1 0 
0.0227 S 
See Fig. 27-25b. 
b. For an equivalent series circuit: 
Zr= as (27-22) 


Yr 


1 
= ———_—— __ =_ 26.2 0/36.6° 
0.0381 S/—36.6° - B6e 


= 21 + j1560 


R=21Q0, X = 15.6 Q 
See Fig. 27-25c. 





27-12 APPLICATION OF COMPLEX 
NUMBERS TO THEVENIN’S 
THEOREM 


In Section 10-4, you saw how Thévenin’s theorem could 

be used to convert a complicated circuit containing electro- 

motive forces and resistances into a simple equivalent se- 

ries circuit of one electromotive force and one resistance. 
Thévenin’s theorem can now be restated as it applies 

to an ac circuit containing emfs and impedances: 

Any linear two-terminal network consisting of fixed 
impedances and sources of emf can be replaced by a 
single source of emf (V7y,) in series with a single 
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—j1 ka 2 ko A 


600 Q 


10 V /0° 





FIGURE 27-26 
Circuit for Example 27-21. 


impedance (Z7,,) whose values are given by the fol- 

lowing: 

1. Vy, is the open-circuit voltage at the terminals 
of the original circuit. 

2. Zp, is the impedance looking back into the orig- 
inal network from the two terminals with all 
sources of emf shorted out and replaced by their 
internal impedances, and all current sources 
opened. 


EXAMPLE 27-21 
Given the circuit in Fig. 27-26, use Thévenin’s theorem 
to find the current through the 1-kQ load resistor. 
Solution 


First remove the load (R_,) to find the open-circuit voltage 
between A and B, as in Fig. 27-27. 
Since no current can now flow through the 2-kQ resistor: 


Vrh = Vas = Vos 


j1.5 kO 
Vr, = 10 V/o° x ——+_———_— 
”y {o° 0.6 — j1 + /1.5 ko 
—~j1 ka C 2 kQ a 
0.6 kQ 
10 V /0° +j1.5 kQ Ve 
B B 


FIGURE 27-27 
Obtaining the Thévenin equivalent voltage for 
Example 27-21. 
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—jl kQ 2 kQ A 


0.6 kQ 


7 2th 


+j1.5 ko 


wo 


FIGURE 27-28 
Obtaining the Thévenin equivalent impedance for 
Example 27-21. 


jis 
0.6 + j0.5 
» . _1.5/90° 

= 10 v/0? x 0.78/39.8° 
= 10 V/0° x 1.92/50.2° 
19.2 V/50.2° 


To find the Thévenin impedance, short the voltage 
source but leave its 600-2 internal resistance in place. 
Find the impedance (Z;,) between A and B looking back 
into the circuit, as in Fig. 27-28: 


Zn = 2kQ + (/1.5 kQ) || (0.6 — 1 kQ) 
j1.5 x (0.6 — j1) ka 
0.6 + /1.5 —f1 
, 15 +09 
0.6 + j0.5 
1.75/30.96° 
ait 0.78/39.81° * 
2 + 2.24/-8.85° kO 


= 2 + 2.21 — j0.34 ko 
= 4.21 — j0.34 ka 


10 V/o° x 


=2+ 


The Thévenin equivalent circuit is shown in Fig. 27-29. 


4.21 kQ —j0.34 kQ A 
MY 
ZTh 
. Ri 
19.2 V /50.2 1 kQ 
Vth 
B 


FIGURE 27-29 
Thévenin equivalent circuit with load reconnected for 
Example 27-21. 
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Z3 





FIGURE 27-30 
Circuit for Example 27-22. 


The load current can now be found: 


_ _ Vin 
Zi ee 
19.2 V/50.2° 
4.21 — j0.34 + 1kQ 
19.2 V/50.2° 


5.21 — j0.34 kO 


19.2 V/50.2° 


= 5.22 kQ/—3.7° [3,79 = 3.68 mA/53.9 


/ 


EXAMPLE 27-22 


Given the circuit in Fig. 27-30, use Thévenin’s theorem 
to find the current through the capacitor. (Note that this 
circuit is the same as that in Fig. 27-22, with Z, the in- 
ternal impedance of the source.) 


Solution 


First remove the load, Z;, to find the open-circuit voltage 
between A and B, as in Fig. 27-31. 


ye 42 
ZZ, 


Vrh = V (5-5) 






Vin = 16.2V /-0.9° 


° B 
FIGURE 27-31 
Obtaining the equivalent Thévenin voltage for 
Example 27-22. 
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Z, = 108.5 9 /50.6° 
= 68.9 + j 83.80 


FIGURE 27-32 
Obtaining the equivalent Thévenin impedance for 
Example 27-22. 


24 v/0° 


7 920 + j251.40 
(100 + /125.7) + (220 + j251.4) 0 


334.1/48.8° O 
= 24 v/or x Se 

320 + j377.1 O 

334.1 0/48.8° 


24 V0" x 404.6 0/49.7° 
= 24V/0° x 0.675/—0.9° 
= 16.2 V/—0.9° 


To find the Thévenin impedance, short the voltage 
source, V, and replace it with its internal impedance, Z,, 
as in Fig. 27-32. 

This places Z, and Z, in parallel with each other. 


Zth — Z; | Z> 
21 xX Lp 
~ 2, + Ze 
_ (100 + j125.7) x (220 + j251.4) 
~ (100 + j125.7) + (220 + j251.4) 


_ 160.6/51.5° x 334.1/48.8° 0 


320 + j377.1 





(27-17) 


R=68.99 X, = 83.80 


ZT 
Vir 1500 


16.2 Vj =-0,9° 
198.9 Q 


FIGURE 27-33 
Thévenin equivalent circuit for Example 27-22. 
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53,656/100.3° re 
494.6/49.7° 


108.5 0/50.6° = 68.9 + j83.8 


The Thévenin equivalent circuit is shown in Fig. 27-33. 
p= Vm 
Zt + LZ 
_ 16.2 V/—0.9° 
~ 68.9 + j83.8 + 150 — j198.9 


_ 16.2 V/-0.9° 


~ 218.9 — j115.1 0 
16.2 V/—0.9° 
247.3 0/—27.7° 


0.0655 A/26.8° = 65.5 mA/26.8° 


(24-4) 





The solution for this problem should be compared with 
that for Example 27-19. Although the amount of work is 
similar, the Thévenin approach is preferred if the current 
is to be calculated for a number of different loads. Then, 
only the last calculation for J must be repeated. 





EXAMPLE 27-23 


Given the circuit in Fig. 27-34, determine, using a Thev- 
enin equivalent circuit, what the impedance of Z, must 
be to have maximum power delivered to the load, and 
what this power is. 


Solution 


Remove the load impedance to obtain the Thévenin 
open circuit voltage, as in Fig. 27-35. 
The current / that would circulate can be found: 


Vo — V; 
Zr 


le 







V2 
(VL) 36 V /40° 


FIGURE 27-34 
Circuit for Example 27-23. 
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/ 36 V /40° 


FIGURE 27-35 
Obtaining the Thévenin open-circuit voltage for Example 27-23. 





_ 36 V/40° — 24 v/or (4 + j2)(6 — ja) 
44 j24+6-j40 — (4 + j2) + (6 — j4) 
_ 27.6 + j23.1 — 24V _ 24 —- f16 + f124+ 8 
7 10 — j2o0 7 10 — j2 
_ 3.6 + j23.1A _ 32 - j4 
~ 40 = 72 10 —j2 

23.4/81.1° : (32 — j4) x (10 + j2) 
~ 40.2/-11.3°"° > 29 A/92.4° ~ (10 — j2) x (10 + j2) 


_ 320 + j64 — j40 + 8 


The voltage drop that occurs across Z, is: 100 + j20 — j20 + 4 


V =1Z, (24-4) _ 328 + 24 
= 2.3 A/92.4° x (4 + j2Q) 104 
= 2.3 A/92.4° x 4.5 0/26.6° se a 
= 10.4 V/119" 104 © “104 
= 3.2 + j0.20 


Therefore, the Thévenin open-circuit voltage between A 


and B is given by The Thévenin equivalent circuit is shown in Fig. 27- 


37. For maximum power transfer, the load impedance 


Vin = V+ V, must be the conjugate of the source impedance. Thus, 
= 10.4 V/119° + 24 v/o° load impedance required is a 3.2-Q resistance in series 
= —-504+/91+ 24V with a capacitor that has a reactance of 0.2 (. That is Z, 
=19+/91V = 3.2 — j0.2 ©. 
= 21.1 V/25.6° With the load impedance in place, the load current 


can be obtained: 
To find the Thévenin impedance, short the voltage 





sources V, and V2 as in Fig. 27-36: V 
j= — 24-4 
Zm = 2 | Lo Zr ( ) 
_4,X 2 (27-17) _ 21.1 V/25.6° 
> ee, 3.2 + j0.2 + 3.2 — j0.20 
AQ +j20 -j49 69 3.20 j0.20 A 
Z Z . 
. A . 21.1 V /25.6° == 
Zh 
. ~ —j0.2 9 
: B 
FIGURE 27-36 FIGURE 27-37 
Obtaining the Thévenin impedance for Example 27- Thévenin equivalent circuit with load to produce 


23. maximum power transfer for Example 27-23. 
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24 V /0° 


_ 21.1 Vi25.6" _ 33 n/o5.6° 


6.4 
Load power = /°R, = (3.3 A)* x 3.20 = 34.8 W 


27-13 APPLICATION OF COMPLEX 
NUMBERS TO NORTON’S 
THEOREM 


As was the case with Thévenin’s theorem, Norton’s theo- 
rem can be restated to include impedances. 

Any linear two-terminal network consisting of fixed 
impedances and sources of emf can be replaced with a 
single current source (Jy) in parallel with a single imped- 
ance (Zy), whose values are given by the following: 


1. Jy is the short-circuit current between the terminals 
of the original circuit. 

2. Zy is the impedance looking back into the original 
network from the two terminals with all sources of 
emf shorted out and replaced by their internal 
impedances, and any current sources opened. 





EXAMPLE 27-24 


Given the circuit in Fig. 27-38 (the same as Fig. 27-34 
in Example 27-23, but with Z, = 3.2 — j0.2 Q), calculate 
the load current and the power delivered to the load Z,. 


24 V /0° 








V2 
36 V /40° 


Solution 
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FIGURE 27-38 
Circuit for Example 27-24. 


The short circuit current is found by removing the load 
and shorting terminals A and B, as in Fig. 27-39: 


Iv 


parallel: 


| 


Leb 
Vi Ve 
a 2 
24v/0o° 36 V/40° 
4+j20 6-j40 


24 V/0° 36 V/40° 


— 4.5 0/26.6° + 79 0/ —33.7° 


5.3 A/—26.6° + 5 A/73.7° 
4.7 —j24+14+ j48A 
6.1 + j24A 


= 6.6 A/21.5° 


The Norton impedance Zy is found by shorting the 
voltage sources as in Fig. 27-40, placing Z, and Zz in 


Zy = 2 || Z2 
24, X% Le 
— Z,+ Ze 
= 3.2 + j0.2 0 


(27-17) 


as calculated in Example 27-23. 

The Norton equivalent circuit is shown in Fig. 27-41 
with the load reconnected. 

The load current can now be obtained by the current 


divider rule: 


V2 
36 V /40° 


FIGURE 27-39 
Obtaining the Norton short-circuit 
current for Example 27-24. 
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4Q j20 


Z\ A Zo 


FIGURE 27-40 
Obtaining the Norton equivalent impedance for 
Example 27-24. 


Ln 


BN a Zi 


(6-12) 


; 3.2 + 0.20 
6.6/21.5° x 55024 32 joan 


6.6 A/21.5° x = 


= 66 leis: x 32/88 
6.6 A/21.5° x 0.5/3.6° 
= 3.3 A/25.1° 
IR, 


(3.3 A)? x 3.20 
= 34.8 W 


Load power 


In this case, obtaining the Norton short-circuit current 
was easier than finding the Thévenin open-circuit voltage 
in Example 27-23. This means that the Thévenin equiva- 
lent voltage could have been found more easily from the 
Norton equivalent by multiplying Jy by Zy, (or Zy): 


Vin = In X Zorn 

6.6 A/21.5° x (3.2 + j0.2 Q) 
= 6.6 A/21.5° X 3.2 0/3.6° 

= 21.1 V/25.1° 


; 3.20 

N 

6.6 A/21.5° f) 
~j0.2 2 





FIGURE 27-41 
Norton equivalent circuit with load reconnected for 
Example 27-24. 
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which is essentially the same as V7, in Example 27-23. 
Thus, it is possible to convert from a Norton equivalent to 
a Thévenin equivalent, and vice-versa, as was done in 
Chapter 10 with dc circuits. 

Similarly, it should be noted that all of the network 
analysis methods covered in Chapter 10 (branch currents, 
loop or mesh currents, superposition, and nodal analysis) 
can be applied to ac circuits—as you have done with 
Norton’s and Thévenin’s equivalents—provided complex 
numbers are used to represent the voltage, current and 
impedance. 

For example, the circuit in Fig. 27-38 of Example 27- 
24 could be solved using the superposition theorem. If V> 
is shorted, a total impedance is presented to V,; given by 


Zr, — Zi a ZL | Z> 


This will allow the determination of current J; supplied 
by V, through Z,: 


The load current due to V; can be obtained by the cur- 
rent divider equation: 
Ly 
i =i x = 
! Z, + Z, 


Now, if V; is shorted, the total impedance seen by V, 
is given by 


Zr, = Z, + Z,|| Z, 


The current supplied by V> alone is given by 


Ve 
Zr 


2 


I = 


and the load current due to V, is: 


Zy 


iL. = Lx ——~ 
2? 7, +Z, 


Superimposing the two load currents gives the total load 
current with V, and V; in place: 


I, = tr, + Lis 


However, as shown above, the calculations are long 
and involved. And, in the case of branch currents, loop 
currents, and nodal analysis, equations with two or more 
unknowns must be solved simultaneously using complex 
numbers. The Thévenin (and/or Norton) approach, on the 
other hand, is relatively simple and will allow most ac 
networks to be solved more easily. 
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SUMMARY 


10. 


11. 


12. 


13. 


14. 


1D. 


16. 


17. 


18. 


The polar form of a complex number consists of a positive magnitude and a phase 
angle that may be positive or negative, such as 5 V/-15°. 

To multiply two complex numbers given in polar form, multiply their magnitudes 
and algebraically add their phase angles. 

To divide two complex numbers given in polar form, divide their magnitudes and 
algebraically subtract their phase angles. 

When the voltage and impedance are given in polar form, the equation J = V/Z 
gives the magnitude and phase angle of the current with respect to the voltage. 
The polar form of the current or voltage gives the reading of an ammeter or 
voltmeter, respectively. 

The j operator, equal to \/—1 or 1 /90°, rotates a number through an angle of 
+90”. 

The rectangular coordinate system consists of a real axis and an imaginary axis. 
A complex number in rectangular form consists of a real part and an imaginary 
part, such as Z = R + jx. 

When an impedance is given in rectangular form, the real part is the resistance 
portion and the imaginary part is the series reactive portion (inductive if positive, 
capacitive if negative). 

The sum or difference of two complex numbers given in rectangular form is found 
by algebraically adding or subtracting the real parts, then the imaginary parts (re- 
spectively). 

The multiplication of complex numbers in rectangular form follows the distributive 
law of algebra, whereas division requires a rationalization of the denominator. 
Both involve the fact that > = —1. 

The total impedance of a series circuit is given by Z7 = Z; + Z, + Zz, and so 
on. The total impedance of a parallel circuit is given by 


_ 21 X LZ 
"  Z, + Zy 
for two branches, with all impedances given in complex number form. 
A complex number in rectangular form can be converted to polar form using: 


| b 
a+ jb = Va’ + b’ / arc tan - 
a 


A complex number in polar form can be converted to rectangular form using: 
M/® = Mcos® + jMsin®@ 


Admittance (Y) is the reciprocal of impedance; susceptance (B), the reciprocal of 
reactance, and conductance (G), the reciprocal of resistance. All are measured in 
siemens (S). 

If the admittance of a circuit is given in rectangular form, Y = G + j(Bc — By), 
the resistance and reactive components of an equivalent parallel circuit can be 


identified, as well as the circuit’s impedance, Z = y 


The total admittance of a parallel circuit is given by Yr = Y,; + Y2 + Y3, and so 
on. 

Thévenin’s and Norton’s theorems can be applied to an ac circuit if complex 
numbers are used to represent the impedances, voltage, and current. 
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REVIEW QUESTIONS 


SELF-EXAMINATION 


Match the expressions in the right-hand column with those in the left-hand column. 
(Answers at back of book) 


27-1. 30 — j40 V = a. 0.258 
272.. R= 100, 2% = 200:Z = b. 30 V/5° 
27-3. Ve = 60 V, Vi = 80 V; Vr = c. 10+ j200 
27-4. B= 5A, FL = GA Le H= TAL = d. 2 A/60° 
27-5. I = 3 A/—40°, Z = 10 0/45°; V = e. 72/-45° 
27-6. V = 120 V/10°, Z = 60 0/-50°; I = f. 50 V/—53.1° 
27-7. 24/—20° x 3/—25° g. 7 — 78 
27-8. 3/—25° + 24/-—40° h 5S+/f1A 
27.9 5/43° x 3.4/47° i. —4 

27-10. 6/95° + 1.5/—85° j. —-7-jl 
27-11. (3 + j7) + (4 — j5) k.  0.125/15° 
27-12. (—14 — j6) — (-7 — j5) lL 8+ 79 
27-13. (6 — j4) x (6 + fA) m. j17 

27-14. (3 — j5)° n. 52 

27-15. (43 — j6) + (2 — j3) o. 50 + j50 
27-16. Z = 50 0/-53.1°; Y = p. —16 — j30 
27-17... FO7/45° = q. 0.02 S/53.1° 
27-18. 8 + j9: conjugate = r 4S 

27-19; Xe = 0.25 OF Bo = s. 100 V/53.1° 
27-20... X, =40: 8, = t. 8 — 9 


REVIEW QUESTIONS 


1. 


a 


pe ile ald 


10. 


a. When an impedance is given in polar form, how can you tell whether it is 
inductive or capacitive? 

b. How can you determine if there is more resistance than reactance? 

If an impedance is given in rectangular form, how do you determine the resistive 

and reactive components? 

What are two advantages of the polar notation? 

For what mathematical operations is the rectangular notation especially suited? 

What are the polar forms for j* and j°? 

The voltage across a pure capacitor in rectangular form is given by —/j150 V. Is 

there anything imaginary about this voltage? Explain. 

Although it is possible to multiply and divide phasors given in rectangular form 

(without conversion), how can addition and subtraction be performed directly 

(without conversion) in polar form? 

a. What do you understand by the term conjugate? 

b. Give two applications in which the conjugate is used. 


.A circuit contains both resistance and inductance. How could you express the 


apparent power in terms of the true and reactive power using the rectangular form? 

a. Given the admittance of a circuit in rectangular form, how do you interpret 
the real and imaginary parts? 

b. How would you determine the equivalent series circuit components? 
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11. How is Thévenin’s theorem different when applied to an ac circuit compared with 
a de circuit? 

12. An ac bridge consists of a Wheatstone bridge circuit with an ac voltage source 
across one set of diagonally opposite corners and an ac null indicator across the 
other set of corners. If the resistance symbols are replaced by impedances, with 
Z, and Z, opposite each other, and Z, and Z3 opposite each other, show that 
balance of the ac bridge occurs when the general bridge equation is satisfied: 


ZX 41,4=4X2L 


PROBLEMS 

27-1. A series RL circuit has 80 V across the resistance and 40 V across the inductor. 
Determine the total applied voltage in rectangular and polar form. 

27-2. <A series RC circuit has 30 V across the resistance and 90 V across the capac- 
itor. Determine the total applied voltage in rectangular and polar form. 

27-3. A series RC circuit has 25 Q of resistance and 40 ( of reactance. Determine 
the impedance in rectangular and polar form. 

27-4. A series RL circuit has 470 Q of resistance and 300 © of reactance. Determine 
the impedance in rectangular and polar form. 

27-5. A 68-(© resistor and a 30-mH inductor of negligible resistance are series-con- 
nected across a 400-Hz sinusoidal supply. Determine the circuit impedance in 
rectangular and polar form. 

27-6. A 2.2-kQ resistor and a 0.1-wF capacitor are series-connected across a 1-kHz 
sinusoidal supply. Determine the impedance in rectangular and polar form. 

27-7. Given A = 50/60° and B = 4/—25°, find: 

a AXB 
b. A+B 
G6 BsA 

27-8. Given C = 2 x 10~-3/—51.2° and D = 4 x 10 °/—30.8°, find: 
a. C XD 
b @aD 
e DzC 

27-9. For the circuit of Problem 27-3, assume an applied voltage of 120 V and find, 
in magnitude and phase: 

a. The current. 
b. The resistor voltage. 
c. The capacitor voltage. 
Draw a phasor diagram. 
27-10. For the circuit of Problem 27-4, assume an applied emf of 230 V and find, in 
magnitude and phase: 
a. The current. 
b. The resistor voltage. 
c. The inductor voltage. 
Draw a phasor diagram. 
27-11. For the circuit of Problem 27-5, assume an applied emf of 48 V and find, in 


magnitude and phase: 
a. The current. 
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b. The resistor voltage. 
c. The inductor voltage. 


Draw a phasor diagram. 
27-12. For the circuit of Problem 27-6, assume an applied emf of 20 V peak-to-peak 
and find, in magnitude and phase, rms values of: 
a. The current. 
b. The resistor voltage. 
c. The capacitor voltage. 
Draw a phasor diagram. 
27-13. A series circuit with an applied emf of 60 V has a current of 250 mA that 
leads the applied voltage by 30°. Determine: 
a. The type of series circuit. 
b. The circuit impedance in polar form. 
c. The resistance and reactance of the circuit. 
27-14. A current of 40 mA flows when an 80-V dc source is applied to a series circuit. 
When a 120-V, 60-Hz source is applied, a current of 30 mA flows. Determine: 
a. The circuit impedance in rectangular form. 
b. The circuit impedance in polar form. 
c. The inductance of the circuit. 
27-15. Given A = 3 — j7 and B = 8 + jll, find: 


a. A+B 
b A-B 
c. B-A 


27-16. GivenC = —4 — j6, D = 4 — j9, and E = 11 + jl0, find: 
a C+OtTE 
bb D=£— Cc 
ec 2C + 30D + £) 

27-17. A coil having a resistance of 50 Q and a reactance of 150 ( is connected in 
series with a capacitor whose reactance is 50 ©.. Find the total impedance in 
rectangular and polar form. 

27-18. Three loads are series-connected across the 230-V line. The first load has a 
voltage given by 50 + j 70 V; the second load has a voltage given by 100 — 
ji50 V. Find the voltage across the third load in rectangular and polar form. 

27-19. Given A = 2 — j6and B = 7 + 9, find: 


a AX B 
b. A+B 
c. B + A, in rectangular form 


27-20. Given C 
a CX DXE 
B Ce 
c. C’, in rectangular form. 

27-21. Two coils, one of 10-Q) resistance and 25-Q reactance, the other of 15-0 
resistance and 30-Q reactance, are connected in parallel across a 24-V, 60-Hz 
source. Calculate: 

a. The total circuit impedance in rectangular and polar form. 
b. The total current. 
c. Each branch current. 

27-22. Repeat Problem 27-21 with a 100-wF capacitor connected in parallel with the 
coils. 

27-23. A coil having a resistance of 400 Q and a reactance of 1 kQ) is connected in 
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parallel with a capacitor whose reactance is 1.2 kQ. When connected to a 100- 
mV source, calculate: 
a. The total circuit impedance. 
b. The total current. 
c. Each branch current. 

27-24. Repeat Problem 27-23 assuming that the capacitor has a resistance of 1 kQ 
connected in series with it. 

27-25. Convert the following to polar form: 


a. 6+ 710 
BR 327 
c¢. =—8 = 6, 
27-26. Convert the following to polar form: 
a. 10] 
b = 
c 3 


27-27. Find the total impedance of the two parallel-connected coils in Problem 27-21 
using rectangular to polar conversion. 

27-28. What rectangular impedance must be connected in parallel with 5 + j4 Q to 
produce a total impedance of 2 — jl (2? (Hint: Let the impedance be a + jb 
and equate 1/(2 — jl) to I/(a + jb) + 1/5 + JA). 

27-29. Convert the following to rectangular form: 


a, 65/125 . 
b. 12/—72°. 
c. 20/200°. 


27-30. A coil having an ac resistance of 8 © and an inductance of 200 wH is con- 
nected in parallel with a 1-wF capacitor that has an ac resistance of 4 Q. 
Determine the components of the equivalent series impedance at a frequency 
of 10 kHz. 

27-31. Repeat Problem 27-30 for a frequency of 5 kHz. 

27-32. Two capacitors, a coil, and a resistor are connected in series. The voltages 
across the capacitors are 12 V/—85° and 15 V/—90°; the coil voltage is 20 
V/45°; and the resistor voltage is 10 V/0°. Calculate the supply voltage. 


27-33. A parallel circuit has two branches and draws a total current of 120 
mA/—50° from a 48-V, 400-Hz source. If the current in one branch is 30 
mA/30°, calculate: 

a. The reading of an ammeter connected in the other branch. 
b. The total impedance of the circuit. 
c. The total power dissipated in the whole circuit. 

27-34. A coil and a pure capacitance, connected in parallel across a 120-V/0°, 60-Hz 
supply, draw a total current of 4 A/0°. If the capacitor draws a current of 2 
A/90°, calculate: 

a. The reading of a wattmeter connected to measure the total power in the 
circuit. 

b. The current through the coil. 

c. The coil’s resistance. 

d. The coil’s inductance. 

e. The capacitance of the capacitor. 


PROBLEMS 


27-35. Given the phase-shifting circuit in Fig. 27-42, calculate: 
a. V/V; in magnitude and phase with R minimum. 
b. V,/V; in magnitude and phase with R maximum. 
c. The value of R to provide a phase shift of 45°, and the magnitude of V, at 
this value of R. 


kg & = 100k0 


V; = 120 V, 60 Hz il 0.5 pF Ve 
FIGURE 27-42 | | | 
Circuit for Problem 27-35. 


27-36. Given the circuit in Fig. 27-43: 
a. Determine an expression for V,/V; in terms of R and X¢ that gives both the 
magnitude and the phase angle. 


C = 0,05 pF 


FIGURE 27-43 
Circuit for Problem 27-36. 





b. Find the numerical values of the magnitude and phase angle for V,/V; at 
various frequencies from 10 Hz to 20 kHz. 
c. Calculate the frequency at which the phase angle between V, and V; is 45°. 
d. Determine the magnitude of V,/V; where the phase angle is 45°. 
e. Sketch two graphs of V,/V; versus f showing magnitude and phase angle. 
27-37. Repeat Example 27-19, using a frequency of 1 kHz. 
27-38. Repeat Example 27-19 with an impedance equal to Z, connected between A 
and B. 
27-39. For the parallel circuit given in Fig. 27-44, calculate the values of: 
a. An equivalent parallel circuit. 
b. An equivalent series circuit, using the method of admittances, for a fre- 
quency of 1 kHz. 


FIGURE 27-44 
Circuits for Problems 27-39 through 27-42. 


27-40. Repeat Problem 27-39, using a frequency of 100 Hz. 

27-41. A 50-mV, 1-kHz sinusoidal source with an internal impedance of 12-kO, resis- 
tance and 1-H inductance is connected to the parallel circuit of Fig. 27-44. Use 
Thévenin’s theorem to calculate the current through the 1.5-H coil. 

27-42. Repeat Problem 27-41, but find the current through the 10-kQ. resistor. 
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27-43. Given the circuit in Fig. 27-45 with w = | X 10° rad/s, solve for the current 
through the 4-mH coil, using a Thévenin equivalent circuit as seen by the coil. 


30 500 pF 


10 V /0° 2.5 V (30° 


FIGURE 27-45 
Circuit for Problems 27-43 through 27-45. 





27-44. Repeat Problem 27-43, using a Norton equivalent circuit. 

27-45. Given the circuit in Fig. 27-45, solve for the current through the 4-mH coil, 
using the principle of superposition. (First short one source and determine the 
load current, then short the other source and again determine the load current. 
Finally, combine the load currents. ) 

27-46. For the bridged-T network in Fig. 27-46, calculate the current through the 4 
+ j4-kQ, load, using a Thévenin or Norton equivalent for the rest of the cir- 
cuit. (Note that this problem cannot be done by using series-parallel circuit 
theory. ) 


10 kQ 


FIGURE 27-46 
Circuit for Problem 27-46. 





27-47. Given the circuit in Fig. 27-47, use a Norton equivalent circuit to find the 
current through the —j10 © load. 
27-48. Repeat Problem 27-47, using Thévenin’s theorem. 


0.5 A /—90° 
FIGURE 27-47 
Circuit for Problems 27-47 and 27-48. 





27-49. The ac bridge circuit of Fig. 27-48 balances when Z, is a 2.2-kQ resistor, Z, 
is a 0.1-wF capacitor in series with a 100-kQ resistor, Z; is a 5.1-kQ resistor, 
and f = 1 kHz. Given that balance occurs when Z;Z4 = 243, determine the 
series components that make up Z4. 

27-50. The ac bridge circuit of Fig. 27-48 balances when Z) is a 15-kQ) resistor, Z3 is 
a 6.8-kQ, resistor, Z, consists of a 0.015-wF capacitor in parallel with a 2.2- 
MO. resistor, and f = 1 kHz. Determine: 

a. The series components that make up Z;. 
b. The parallel components that make up Z;. 
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27-51. An ac bridge used to determine accurately the inductance of a coil is called a 
Maxwell bridge. It has the form shown in Fig. 27-48, where Z, consists of a 
variable resistor (R,) in parallel with a capacitor (Cs), Z, is a variable resistor 
(R2), Z3 1s a fixed resistor (R3), and Z, is the unknown inductance (L,) in series 
with the unknown resistance (R,). Given that at balance Z,Z, = Z>Z;3, derive 
the equations for R, and L, in terms of the known components. (Hint: Use Z, 
= Y,Z,Z;, then equate real components to each other and imaginary compo- 
nents to each other.) 


FIGURE 27-48 
Circuit for Problems 27-49 through 27-51. 
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A diode is a device that permits current to flow through it in only 
one direction. The direction of flow depends on the way the diode 
is connected with respect to the polarity of the applied voltage. 
Diodes are extensively used in power supplies to convert 
alternating current to direct current. In this application, they are 
known as rectifiers. There are a number of nonrectifying uses for 
diodes, as well, in radio and television sets, computers, and 
industrial electronics. One example is the /ight-emitting diode 
(LED) that emits light when current passes through it. 


Most modern solid-state diodes are made from the 
semiconductor material silicon. When an extremely pure wafer of 
silicon is modified by the addition of selected impurities, a PN 
junction is formed. When the PN junction is forward-biased by an 
external voltage (positive to P, negative to N), current will flow 
easily through the diode. The diode is then said to be forward- 
biased and conducting. Under reverse-bias conditions (positive to 
N, negative to P), almost no current will flow through the diode. 


The conversion of alternating current to direct current can be 
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accomplished in either half-wave or full-wave diode rectifying 
circuits. But since this leaves an appreciable ripple in the output 
voltage, filtering is usually added. This may be accomplished by 
connecting a large capacitor in parallel with the load to smooth the 
output voltage, or by using some combination of inductance and 
Capacitance to produce an even-smoother dc output voltage. 


28-1 PURE SILICON 

As shown in Fig. 28-1, an atom of pure silicon has 14 
electrons in orbit around its positive nucleus. The outer 
(valence) shell has four electrons. If this valence shell 
could obtain four more electrons, it would be complete, 
and strong valence electron bonding would result. This is 
how a crystal of pure silicon is structured, by the process 
called covalent bonding, as shown in Fig. 28-1b. 

The central silicon atom in Fig. 28-1b is shown as shar- 
ing electrons from each of four neighboring silicon atoms. 
Each of the four neighboring atoms, in turn, is sharing one 
of the electrons of the central atom’s valence shell for 
bonding purposes. Thus, none of the atoms exclusively has 
eight electrons in its valence shell, but shares electrons 
with neighboring atoms to fill its valence shell and form 
covalent bonds. The result is a crystal of pure silicon. 


28-1.1 Pure Silicon at Room 
Temperature 


If a silicon crystal were at absolute zero (— 273°C), all the 
valence electrons would remain in the outer (valence) 


OO ® 
(x38 
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(a) Bohr concept of an atom of silicon. 


(b) Covalent bonding of silicon atoms 
form part of a crystal of pure silicon. 


shell. Since no electron would have enough thermal energy 
to escape and become a free electron, the material would 
be a perfect insulator. 

At room temperature, however, some of the valence 
electrons gain enough thermal energy to escape and break 
the covalent (shared) bond. They become free electrons, 
and are thus available to provide conduction (much like 
the free electrons in a copper wire). The number of free 
electrons in silicon is very small, however (only about 1 
for every 10’” atoms), so pure silicon has a very high re- 
sistivity of 2300 Q-m at room temperature. (For compari- 
son, the p for copper, a good conductor, is 1.72 x 107° 
Q-m at the same temperature. ) : 

When an electron breaks a bond, it leaves a vacancy 
behind. Such an incomplete (broken and unshared) cova- 
lent bond is called a hole. This is shown in Fig. 28-2, 
where the hole is given a positive sign (+) to show the 
absence of an electron. 

The important point to remember about holes is that 
they can contribute to current much as the free electrons 
can. For every electron that is liberated by thermal energy 
(becomes ‘‘free’’), a hole is produced. You could refer to 
this combination as a thermally generated electron-hole 


O 


OC) FIGURE 28-1 
Diagrams representing atomic and 
crystal structure of silicon. 
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(a) Production of electron-hole pairs in pure silicon at 
room temperature 


FIGURE 28-2 
Pure silicon at room temperature. 


pair. As the temperature increases, so does the number of 
electron-hole pairs. 


98-1.2 Current in Pure Silicon 


When a dc voltage is connected across a piece of pure 
silicon, a force acts on both the free electrons and the 
holes, as shown in Fig. 28-25. 

It is fairly easy to visualize the flow of free electrons in 
the direction shown, but how can a hole flow in the op- 
posite direction? 

A valence electron in a neighboring atom can leave its 
covalent bond quite easily to fill a hole. When the free 
electron leaves its bond, a hole is left behind—the hole 
has effectively moved in the opposite direction. This pro- 
cess continues, with the holes moving to the right (in the 
illustration) as electrons continue to move to the left. This 
mechanism does not involve the movement of free elec- 
trons; it is represented as the movement of positive charge 
or holes only. (This is supported by the Hall effect de- 
scribed in Chapter 11.) This motion of charge (hole flow) 
is in addition to that due to free electrons. As a result, the 
total current flowing in pure silicon is the sum of the free 
electron flow and the hole flow. 

External to the silicon itself (when the silicon is 
placed in a circuit), only electrons can flow through the 
copper conducting wires. The electrons alone must then 
provide as much charge flow as the sum of the free 
electrons and hole flow in the silicon. Also, the current 
that flows through pure silicon is very temperature-de- 
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Flow of free electrons 
<< 


e 
Electrons 
flow 
——— in external 
Flow of holes metallic 
wire 


(6) Total current in pure silicon is due to 


the sum of electron and hole flow arising 
from thermally generated electron-hole 
pairs and applied voltage. 


pendent, increasing with a rise in temperature, and vice- 
versa. 


28-2 N-TYPE SILICON 


Pure (intrinsic) silicon has very low conductivity, and thus 
is practically an insulator. The conductivity can be in- 
creased significantly, making the silicon a semiconductor, 
by the addition of certain materials known as impurities. 
The silicon is then called extrinsic, or an impure (doped) 
semiconductor. The added impurities are either pentava- 
lent or trivalent atoms. 

Phosphorus is a pentavalent material—it has five elec- 
trons in its outer valence shell. When a small percentage 
of phosphorus is added to pure silicon, the phosphorus at- 
oms displace some of the silicon atoms, forming the ar- 
rangement shown in Fig. 28-3a. Since only four of the 
five electrons are needed for covalent bonding, one elec- 
tron is donated to the crystalline structure. At room tem- 
perature, this fifth (unbonded) electron is easily detached 
from its parent atom to become a free electron. The phos- 
phorus impurity is called a donor N-type impurity material. 
The atom itself is ionized, acquiring a bound positive 
charge that is not free to move. 

The doped silicon is called N type (negative type), 
since it now has many more free electrons than were 
available in the pure silicon. Also, N-type silicon has 
many more free electrons than holes. Its resistivity is 
much lower, and it is capable of generating many more 
free electrons at room temperature than pure silicon. 
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(a) Portion of a silicon crystal with a 
phosphorus atom substituted for a silicon 
atom to donate free electrons. 


FIGURE 28-3 
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(b) Current in N-type silicon is 


due to electrons (majority carriers) 
and holes (minority carriers). 


N-type silicon resulting from doping with pentavalent phosphorus impurity atoms. 


28-2.1 Current in N-Type Silicon 


Figure 28-35 represents the large increase in the number 
of free electrons available for conduction as a result of 
doping. Thermal agitation still causes electron-hole pairs, 
just as it does in pure silicon. But because of the abun- 
dance of donor electrons, the recombination of holes and 
electrons occurs rapidly (holes are filled by free electrons). 
Thus, there are even fewer holes in N-type silicon than in 
pure silicon. 

The silicon is called N type (for negative) because the 
free electron density is predominant (over holes), even 
though the crystal as a whole is still electrically neutral. 
(Recall that every atom is electrically neutral, with bal- 
anced positive and negative charges. The pure silicon and 
pure phosphorus atoms are each electrically neutral.) 

When an electromotive force is connected across the N- 
type silicon, both electrons and holes flow as before. But 
this time, the current is due primarily to the free donor 
electrons, so they are called the majority current carriers. 
The holes are termed the minority current carriers, since 
hole flow (in the opposite direction to electron flow) due 
to valence electron motion is very small by comparison. 


28-3 P-TYPE SILICON 


Now, consider the addition of aluminum, a trivalent im- 
purity, to silicon. Since there are only three electrons in 
the aluminum atom’s valence shell, the substitution of an 
aluminum atom for a silicon atom leaves an incomplete 
bond. This bond is usually completed by a neighboring 


silicon atom giving up an electron. The aluminum atom 
thus acquires a bound negative charge, and a hole is left 
where the electron came from. (See Fig. 28-4a.) 

Since the aluminum atom has created holes that can ac- 
cept electrons, aluminum is known as an acceptor impur- 
ity. The aluminum impurity has caused the P-type sili- 
con to have many more holes than free electrons. 


28-3.1 Current in P-Type Silicon 


Since holes predominate in P-type silicon, they are now 
the majority current carriers. The relatively small number 
of free valence electrons generated by thermal agitation are 
now the minority current carriers. The holes, being posi- 
tive, account for the name ‘‘P-type’’ silicon. The motion 
of these current carriers when an emf is applied is shown 
in Fig. 28-4b. The total current is the sum of the majority 
hole flow and the minority electron flow. Like N-type sil- 
icon, P-type silicon is electrically neutral. 


28-4 PN JUNCTIONS 


Most modern PN junction diodes are manufactured by a 
diffusion process. They are made by placing a wafer of N- 
type silicon and an oxide of the impurity material (such as 
aluminum) in a furnace and raising the temperature to sev- 
eral hundred degrees Celsius. At high temperature, the im- 
purity material becomes a gas and diffuses into the N-type 
silicon. This forms a thin P-type layer, resulting in a PN 
junction. Metal ohmic contacts are applied to the P-type 
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(b) Current in P-type silicon is due to 
holes (majority carriers) and electrons 
(minority carriers) 


P-type silicon resulting from doping with trivalent aluminum impurity atoms. 


and N-type areas of the diode, and some form of encap- 
sulation is provided to protect the relatively brittle silicon 
wafer. 

The PN junction is not formed by joining together 
pieces of P- and N-type materials. However, to better un- 
derstand what takes place at the PN junction, imagine that 
you have placed an N-type semiconductor and a P-type 
semiconductor side-by-side to ‘‘make’’ a PN junction. 
Since both the P- and N-type materials are electrically neu- 
tral, the PN junction is neutral, as well. A PN junction is 
shown in Fig. 28-5. 

Note that each free electron in the N-type region neu- 
tralizes the bound positive charge of the impurity donor 
ions; in the P-type region, holes neutralize the bound neg- 
ative charges. 

At the moment of ‘‘joining together,’’ some of the free 
electrons in the N-type region diffuse across the junction 
to the P-type region and combine with holes. Similarly, 
holes diffuse from the P-type to the N-type region and 
combine with electrons. This process establishes unneu- 
tralized bound negative and positive ions on opposite sides 
of the junction. These charges, referred to as uncovered 
charges, mean that the P-type region has acquired a net 
negative charge; the N-type region an equal net positive 
charge. This is shown in Fig. 28-5c. 

Because of the diffusion of carriers across the junction, 
a potential barrier of about 0.7 V is established. Equilib- 
rium develops because the N-type region, having become 


positive, will prevent any further diffusion of holes from 
the P-type region. Similarly, the P-type region, with a 
negative charge, will repel any further diffusion of free 
electrons. A very narrow region (about 0.5 wm thick) that 
is depleted of mobile charges now exists around the PN 
junction. This is referred to as the depletion or space 
charge region. The PN junction, as you shall see, is ac- 
tually a diode that permits easy conduction when forward- 
biased and practically no conduction when reverse-biased. 


28-5 FORWARD-BIASED PN 
JUNCTION 


Now, consider the application of an emf across the PN 
junction or diode with the positive side to the P type and 
the negative side to the N type. This is called forward- 
bias. (Refer to Fig. 28-6.) Forward bias tends to lower the 
potential on the N side and raise it on the P side, thus 
lowering the potential barrier. This allows the holes to drift 
across the junction once more from P to N, and the free 
electrons to drift in the reverse direction, from N to P. 
The current across the junction is due primarily to these 
majority carriers, the holes in the P type and the electrons 
in the N type. The total current is due to the sum of the 
two flows. There is also a very small additional current 
due to the minority carriers (electrons in the P type and 
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(a) Separate slices of P-type and N-type prior to being 


placed in contact with each other. 
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(b) Holes diffuse from P-type across the 
junction to N-type, and electrons diffuse 
across the junction from N-type to P-type. 


P-type side of junction becomes negative 
due to acquisition 
of electrons 


N-type side of junction becomes positive due 
to acquisition of holes 


(c) Potential barrier of approximately 0.7 V 


established across a PN junction 


due to diffusion of carriers. 


FIGURE 28-5 


Development of a potential barrier when a PN junction is formed. 


holes in the N type). This minority current is small because 
of the tiny number of minority carriers. Under forward 
bias, the depletion region also narrows somewhat—an im- 
portant effect if the capacitance of the junction is consid- 
ered. 

The diode is considered to have a low resistance un- 


der forward-bias conditions. If the forward voltage is in- 
creased, the potential barrier is further lowered, and the 


depletion region narrows still further, allowing even more 
current to flow. The conventional direction of forward cur- 
rent (+ to —) is shown in Fig. 28-6b to be the same as 
the arrow in the symbol for the diode. 


28-6 REVERSE-BIASED PN JUNCTION 


When the external voltage is applied with opposite polarity 
to the diode (positive to N type, negative to P type), a 


condition of reverse bias is said to exist. Figure 28-7 
clearly shows how the majority carriers in each side are 
pulled away from the junction. Since this uncovers more 
bound positive and negative ions, there is an increase in 
the potential barrier and the depletion region widens.* 

At first, it would seem that no current would flow at all 
under a reverse-bias condition. Certainly, no majority car- 
riers can cross the junction. The minority carriers, how- 
ever, are not affected by the potential barrier. In fact, so 
far as the minority carriers are concerned, the PN junction 
is forward biased! A small reverse current (described as a 
leakage current) flows across the junction. 

The reverse-biased minority current is strongly temper- 


*The charges stored on opposite sides of the depletion zone cause a 
capacitive effect. This junction capacitance varies with the reverse volt- 
age connected across the PN junction and is used to advantage in varicap 
or varactor diodes in communications tuning circuits. 
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Majority carriers (electrons) drift 


DIODES, RECTIFICATION, AND FILTERING | 


Total current due to 
majority an 


Depletion region narrows across junction due to V d 
P N =o minority carriers 
N 


low resistance 


Majority 
carriers (holes) 
drift across 
junction due 
to V 


(a) Due to V lowering the potential barrier, the 
majority carriers can drift across the junction. 


FIGURE 28-6 
Forward-biased PN junction diode. 


ature-dependent, because the minority carriers are due to 
thermally generated electron-hole pairs. This leakage cur- 
rent is on the order of only a few microamperes for low- 
current diodes. Thus the diode is said to have a high 
resistance when reverse biased. The diode effectively 
blocks current compared with forward bias. 


28-7 DIODE V! CHARACTERISTICS 


The forward- and reverse-bias properties of a diode are 
best shown in a plot of their current-voltage characteris- 
tics. A typical curve for a silicon diode is shown in Fig. 
28-8. 

As shown in Fig. 28-8, a very low, forward-bias volt- 
age of approximately 0.6 V is necessary in the forward 
direction before the diode begins to conduct. This is often 


Depletion region 
| widens | 
P N 


Minority carriers 
drift across 
junction 
due to V 





Majority 
carriers 
pulled away 
from junction 
due to V 


(a) Minority carriers drift across reverse-biased junction ( 


constituting a small leakage current. 


FIGURE 28-7 
Reverse-biased PN junction diode. 













Forward voltage 


(6) Direction of conventional current for a forward-biased 
junction showing the symbol used for a diode 


referred to as the cut-in (or knee or threshold) voltage. It 
is the voltage needed to reduce the potential barrier suffi- 
ciently to allow majority carriers to begin migrating across 
the junction. 

Beyond the cut-in voltage, the current increases sharply 
or exponentially, even with very small voltage increases. 
At high-current levels with relatively low voltages, the 
curve becomes a straight line, approximating the voltage 
drop across a resistor. In this region (above the cut-in volt- 
age), the forward-biased diode can be thought of as a 
closed switch, having a low resistance, with approximately 
a 0.7-V drop across it. 

When reverse biased, even with high reverse voltages, 
the diode is effectively an open switch, with a high resis- 
tance, and a leakage current of only a few microamperes. 
In most rectifier diodes, this current tends to increase 
slightly with a large increase in the reverse voltage, due to 
surface currents flowing across the PN junction. 


Current due to 
minority carriers 


Majority carriers pulled I 
away from the junction | ae 
<__ 


due to V P N 





high resistance 


Minority carriers drift 
across junction due 
to V 


o 


) Direction of leakage current in 
reverse-biased junction. 


DIODE VI CHARACTERISTICS 


Foward current, J 








100 mA 


Reverse breakdown 
voltage 


Vp, 100 V min 





Low resistance 






Reverse voltage 





1-10 uA 0.6V 
Cut-in voltage 





High resistance 
Reverse current 


However, there is a value of reverse voltage at which 
there will be a significant increase in reverse current. This 
is called the reverse breakdown voltage (Vz). If the diode 
is operated beyond this point, it is said to have broken 
down, since it is no longer effectively blocking the cur- 
rent. 

One explanation of breakdown is found in the ava- 
lanche effect. This takes place when the minority carriers 
that constitute the reverse current gain enough kinetic en- 
ergy to knock bound electrons out of the covalent bonds. 
These electrons, in turn, collide with other atoms and dis- 
lodge other electrons, increasing the number of carriers 
available for reverse conduction. 

This reverse voltage capability of a diode is often re- 
ferred to as the peak inverse voltage (PIV) of the diode. 
Depending upon the type of diode, the peak inverse volt- 
age may range from a minimum of about 100 V to several 
thousand volts. 





(a) Zener diode VI characteristic 


(6) Use of a Zener diode in a voltage- 
regulator circuit 
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Forward voltage, V 


FIGURE 28-8 
Forward and reverse V/ 
characteristics of a silicon diode. 


In rectifier applications, the PIV must not be exceeded 
or permanent damage to the diode can result due to over- 
heating of the PN junction. If no damage has occurred, the 
diode can be brought back to normal blocking operation 
by reducing the reverse bias below the breakdown level. If 
the reverse current is limited to a nondestructive value, the 
breakdown voltage can be used to advantage in Zener 
diodes. 


28-7.1 Zener Diodes 


In some diodes, breakdown can be made to occur very 
abruptly at accurately known values ranging from 2 to 200 
V. (See Fig. 28-9a.) These are known as Zener diodes. 
Since their breakdown (or Zener) voltage is maintained 
Over a wide range of current, they can be used in voltage 
regulator circuits, as shown in Fig. 28-9b. 





FIGURE 28-9 

Zener diode characteristics 
and application as a 
voltage regulator. 
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In this example, the reverse Zener diode voltage (Vz) is 
also the voltage across the load (R,). If either the input 
voltage or the load current changes, a different amount of 
current (17) will flow through the Zener diode. But since 
V, changes very little when Jz changes, a nearly constant 
load voltage will result. The product of Jz and Vz must be 
limited to the power dissipation capability of the particular 
Zener diode. Also, Jz must not be allowed to drop below 
some minimum value (/,x), in order to maintain voltage 
regulation. Note that the Zener diode is used only in its 
reverse breakdown region and is not used for rectification. 


298-7.2 Checking a Diode with an 
Ohmmeter 


The terminals of a diode are often referred to as the anode 


and the cathode. These terms are carryovers from the elec- 


tron tube diode, and refer to the P side and the WN side, 
respectively. Figure 28-10a shows four types of diode en- 
capsulation or marking used to determine diode polarity. 
In all cases, the P-type side is the anode and the N-type 
side is the cathode. . 

An ohmmeter is used to determine a diode’s polarity, 





Indicates (c) Reverse-bias ohmmeter test 


cathode 


oK 


(a) Diode polarity markings 
FIGURE 28-10 
Showing how to determine the anode and cathode 
from the physical appearance of four types of 
diodes, and how an ohmmeter can be used to 
check a good diode. 
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as well as checking the device to determine whether it is 
good, open, or shorted. The ohmmeter is essentially a 
voltage source in series with a resistor and an ammeter. A 
low resistance is indicated on the meter when forward- 
biasing the diode (Fig. 28-10b). A reading of close to in- 
finity should result when the ohmmeter leads produce re- 
verse bias (Fig. 28-10c). If both readings are low, the 
diode is shorted; if both are high, the diode is open. 

Two precautions must be observed when using an 
ohmmeter with diodes. First, if you are using the meter to 
check the polarity of the diode, make sure that you know 
the polarity of the ohmmeter leads. Many VOMs, in the 
ohmmeter mode, use the COMMON as the negative and 
the OHMS as a positive terminal. The way that the batter- 
ies are inserted, however, may reverse this polarity (mak- 
ing COMMON positive and OHMS negative). You can 
check the ohmmeter lead polarity with a voltmeter, if in 
doubt. 

The second precaution is related to the ohmmeter func- 
tion of some electronic multimeters. Quite often, when the 
meter is set on the X1 range, a ‘‘good’’ diode will produce 
a reading indicating that it is open. This occurs because 
the cut-in voltage has not been exceeded. For a proper 
check, the meter should be switched to a higher (middle) 
ohms range. 

Diodes are available in a wide range of voltage and cur- 
rent ratings. The silicon diodes shown in Fig. 28-11 range 
from low-current (1 A) types to the stud-mounted and 
hockey puck types capable of handling several hundred 
amperes. 


28-8 THE GERMANIUM DIODE 


Although most diodes used for rectification are made from 
silicon, some applications still require the use of germa- 
nium diodes. Germanium is a semiconductor with a resis- 
tivity lower than that of silicon. It has four electrons in its 
valence shell, so doping is achieved in ways similar to 
those used for silicon. Pentavalent materials such as ar- 
senic and antimony are used for N-type germanium; triva- 
lent materials such as gallium and indium are used for P- 
type germanium. 

The VI characteristics for a germanium diode have the 
same general shape as those for silicon, but with two im- 
portant differences. Germanium, with a potential barrier of 
0.2—0.4 V, has a cut-in voltage of 0.2 V (compared to 0.6 
V for silicon). Germanium also has a much higher (a min- 
imum of 10 times greater) reverse current than a silicon 
diode. Both are affected by temperature in the same man- 
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FIGURE 28-11 
Selection of silicon diodes showing low current, 


stud, and hockey puck types. (Courtesy of 
International Rectifier.) 





120-V primary, 
6.3-V secondary 


(a) Half-wave rectifier circuit. PIV = Vine 


FIGURE 28-12 
Half-wave rectification. 
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ner, but silicon diodes can be operated with their junctions 
as high as 175°C, compared to a maximum of 85 to 100°C 


for germanium. 


28-9 HALF-WAVE RECTIFICATION 


Most electronic equipment must operate from a dc power 
source. Although batteries can be used in portable equip- 
ment, an electronic power supply is often included to allow 
operation from the 120-V, 60-Hz supply. The power sup- 
ply converts the 120-V ac into direct current at a voltage 
suitable for use by the equipment. Since a diode is sensi- 
tive to polarity, it can be used to rectify the alternating 
voltage waveform into a unidirectional waveform. The av- 
erage value of this waveform is the dc voltage value. 

The simplest form of rectifier involves use of a single 
diode, as shown in Fig. 28-12a. Since many semiconduc- 
tor (transistor) circuits operate at a relatively low voltage 
(6-20 V), a transformer is used to step down the ac volt- 
age. As an example,.assume that the secondary voltage is 
6.3 V rms. Here, R, represents the resistance of the load 
to which de power is to be delivered, such as a radio, tape 
recorder, or amplifier. The input voltage to the diode is 
represented by a sine wave of peak value given by V,, = 
6.3\/2 V ~ 9 V, shown in Fig. 28-12b. 

On the positive half-cycle of V,, diode D, is forward- 
biased and conducts, allowing current to flow through the 
load (R;). As a simplification for this example, ignore the 
cut-in voltage of the diode and its resistance. In this case, 


=o 


(b) Ac input to rectifying circuit. 





D1-on D 1-off 


(c) Half-wave rectified output across load. 
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the voltage across the load will be a half sine wave with a 
peak value of 9 V, as shown in Fig. 28-12c. 

When the input voltage reverses in polarity (shown by 
the circled polarity signs), the diode is reverse-biased. 
This blocking action means that no current flows and the 
voltage across the load is zero for one-half cycle. (Again, 
neglect the small reverse current that flows.) The load 
voltage will not increase toward the 9-V peak again until 
the input voltage reverses again. 

This half-wave rectified output across the load is some- 
times called unidirectional pulsating voltage. (See Fig. 28- 
12c.) Although the waveform is not smooth, it contains 
direct current and is satisfactory for some applications 
(such as battery chargers and some dc motors). 

The average value of the half-wave rectified waveform 
can be shown to be 

Vac = Vm volts (28-1) 
7 
where: V,. is the average or dc voltage, in volts (V) 
V,, is the peak of the input voltage, in volts (V) 

Note that V,, is the reading of a dc voltmeter con- 
nected across the load (R,). If a dc ammeter is connected 
in series with the load, it will indicate the average value 
of the current waveform that has the same wave shape as 
the voltage. This current is given by 


lag = amperes (28-2) 
7 
Vac 

or by li = os amperes (28-3) 
L 


where: J,, is the average or dc current, in amperes (A) 
I, is the peak of the load current, in amperes (A) 
R, is the load resistance, in ohms ({2) 


a 


EXAMPLE 28-1 


A half-wave rectifier has an input voltage of 6.3 V ac, and 
a load of 220 9. Assuming an ideal diode (neglecting 
diode losses), calculate: 

a. The dc voltage across the load. 

b. The peak current through the load. 

c. The reading of a dc ammeter in series with the load. 
d. The dc power delivered to the load. 


Solution 


a. V, =63V x V2= 89V (15-18) 
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(28-1) 


| 
| 
ed 
oo 
< 


(15-17) 


d. Pde = Vacl de (3-5) 
=28V x 0.0129 A = 0.036 W 
= 36 mW 


ae 


Note that when the diode is reverse-biased, it is sub- 
jected to a peak inverse voltage of V,, or 8.9 V in Example 
28-1A. In high-voltage power supplies, this is an impor- 
tant item to check when selecting the diode. 


28-9.1 Application of a Half-Wave 
Rectifier* 


An interesting application of a half-wave rectifier is mar- 
keted as a life extender for incandescent bulbs. The de- 
vice, in the form of a 1-in.-diameter disc, uses a microchip 
diode to convert ac to dc when placed in the lamp socket. 
(Also available are incandescent lamps with the diode 
built-in.) It is claimed that the life of the lamp is extended 
10 to 100 times normal by reducing the two primary 
causes of failure: filament shock and bulb heat. 

This is achieved by the half-wave rectified output deliv- 
ering up to 35% less power (rms) to the lamp. As a result, 
the average temperature of the filament is reduced from 
about 2500°C to about 1700 to 1800°C. In addition, the 
filament is subjected to peak power dissipation only 60 
times per second with the dc, compared to 120 times per 
second with the ac. 

Of course, the reduced power delivered to the lamp re- 
sults in less light output, so a larger lamp may be neces- 
sary to maintain the same light level. At first, it might 
seem that the rms power delivered to the lamp with half- 
wave rectification should be one-half the power delivered 
with a full sine wave. But the lower operating temperature 
of the filament means that the filament’s resistance is also 


*This section can be omitted with no loss of continuity. 
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V, 
Vrms = “s ee 
0 0 
xl. 


(a) Sine wave (b) Half-wave rectified sine wave 


Ve Vde = 


2Ve% 
Tt 
V, 
O 
(c) Full-wave rectified sine wave 


FIGURE 28-13 
Rms and dc values for various waveforms. 


lower. This tends to increase the lamp’s current, so power 
dissipation is reduced less than 50%. Note that operation 
of the lamp at lower temperature, while extending lamp 
life, does not make the lamp more efficient. Less light (as 
measured in lumens) is produced per watt at a lower power 
level. 

It should be noted that although the current flowing 
through the lamp is dc (there is no reversal of polarity), 
the total power delivered to the lamp (thus producing heat 
and light) is rms power and not just dc power. That is, 
41% of the ac power delivered to a half-wave rectifier is 
converted to dc power; the rest exists in the load as ac 
power. To obtain the total rms power, it is necessary to 
know that the rms value of a half sine wave is given by 
Vims = V,,/2. This is the reading that a true rms voltmeter 
will indicate when connected across a half-wave rectified 
sine wave. Recall that the rms voltage is an indication of 
the total heating effect of a waveform; the dc voltage is 
simply an average of the waveform. (See Fig. 28-13.) 





EXAMPLE 28-2 


A diode is connected in series with a 60-W incandescent 

bulb and a 120-V (rms), 60-Hz supply. 

a. Calculate the normal hot resistance of the 60-W 
lamp when operating at 120 V. 

b. Determine the rms voltage of the half-wave rectified 
output across the lamp. 

c. Assuming the hot resistance of the filament is di- 
rectly proportional to the rms voltage across the 
lamp, determine the resistance of the lamp when op- 
erating with the diode in place. 


995 


d. Calculate the rms power delivered to the lamp when 
operating with the diode and find the percentage re- 
duction in power. 

e. Determine the peak inverse voltage to which the 
diode is subjected. 











Solution 
\/2 
=— 15-13 
a P=-— ( ) 
\/? 
R= — 
P 
(120 Vv)? 
= = 240 © 
60 W 
Vin 
b. Vers = 
120 V x V2 
= = 85 V 
2 
c. At120V, R= 2400 
85 V 
At85V, R= 2400 x 190 V 
= 1700 
Vis 
d. Pims = R 
_ (85 V)> | 
= T7007 42.5 W 
See Fig. 28-14. 
60 — 42.5 WwW 
Percentage reduction in power = ——————— x 100% 
60 W 
_1f8 o% = 99° 
= ED x 100% = 29% 
e. P.ILV. = Vin 
= 120V x V2 
= 170 V 


Note that the light output in Example 28-2 would be 
reduced significantly. If, however, a 75-W lamp were used 
with the diode, the power delivered to the lamp would be 
53 W, providing only 10% less light (approximately) than 
the 60-W lamp, but extending the life considerably, as 
well as reducing power consumption by 7 W. 

It is interesting to observe, in Fig. 28-14, that both cir- 
cuits draw a current of 0.5 A rms. However, the peak 
current is only 0.707 A with the ac supply, but 1 A with 
the half-wave rectifier. Similarly, the peak power supplied 
to the lamp’s filament is 120 W with a pure sine wave, but 
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Iems => 0.5 A, Ipeak —_ 0.707 A 
S R = 2400 


Prms = 60 W 
120 V Ves) a 120 V 
60 Hz 

Poeak = 120 W pane 


120 times per second 
(a) Lamp operating at 120 V rms 


FIGURE 28-14 
Circuit diagrams for Example 28-2. 


170 W with the half-wave rectified sine wave. This is be- 
cause somewhat more than half of the 60 W (42.5 W) 
must be supplied in only half the time with the diode in 
use. In this sense, filament ‘‘shock’’ is not reduced; how- 
ever, the peaks occur only 60 times a second with the 
diode, compared to 120 times a second without. 

Finally, note that the rms power (60 W) delivered to 
the circuit in Fig. 28-14a is the product of the applied rms 
voltage (120 V) and rms current (0.5 A), but this is not 
the case in Fig. 28-14b. Power is the product of voltage 
and current only if the two are in phase with each other. 
But you know that the effect of the diode is to prevent any 
current flowing for half a cycle of the applied sine wave 
of voltage, so the current and voltage are not in phase for 
a complete cycle. Across the lamp itself, however, the 
voltage waveform with an rms value of 85 V is in phase 
with the current waveform with an rms value of 0.5 A, so 
the product gives an rms power of 42.5 W. 


120-V primary, ae 
12.6-V CT secondary 


(a) Full-wave rectifier circuit. PIV = 2 V,,. 


FIGURE 28-15 
Full-wave rectification. 





DIODES, RECTIFICATION, AND FILTERING 


Iems = 0,5 A, Ipeak = | A 


(A) R=1700 


(Vi Prems = A2.5 W 
Poeak = 170 W 


60 times per second 


(b) Lamp operating at 85 V rms 


28-10 FULL-WAVE RECTIFICATION 


Figure 28-15a shows how a second diode can be combined 
with the first to provide full-wave rectification. This circuit 
also requires a transformer with a center-tapped secondary 
for a common return path. The line-to-line secondary volt- 
age in Fig. 28-15a is 12.6 V, so that the line-to-center-tap 
voltage is 6.3 V, as shown. This circuit is a combination 
of two half-wave rectifier circuits, with one diode rectify- 
ing each half-cycle of the input voltage. 

On the positive half-cycle of v,, D; conducts and D2 1s 
reverse-biased and open. On the negative half-cycle (po- 
larity signs shown circled), D, is open and D, conducts. 
The voltage waveform across the load is shown in Fig. 28- 
15c, where once again, ideal diodes are assumed. 

It should be evident that the average of the full-wave 
rectified output voltage is now doubled, compared to half- 
wave rectification: 


-9V 


(b) Ac input to rectifying circuit. 





(c) Full-wave rectified output across load. 
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2V in 
Vac _ 


att (28-4) 
7 
2m 


lac = amperes (28-5) 
where: V4, is the average or dc voltage, in volts (V) 
Vi, 18 the peak of the input voltage, in volts (V) 
[4- 1s the de current in the load, in amperes (A) 


In 1s the peak of the load current, in amperes (A) 


EXAMPLE 28-3 


A 120-V primary, 12.6-V center-tapped secondary trans- 
former is used in a two-diode, full-wave rectifier with a 
220-0, load. Neglecting diode losses (assume _ ideal 
diodes), calculate: 

a. The dc (average) voltage across the load. 

b. The peak current through the load. 

c. The reading of a dc ammeter in series with the load. 
d. The dc power delivered to the load. 


Solution 
a. Vn =6.3V x V2 = 89V (15-18) 
2V,n 
Vi. = (28-4) 
ine 
_ 2x 8.9 V _57V 
Vin 
dD, iy = R, (15-7) 
8.9 V 
= 320 O 40.5 mA 
Cc. lag = 2h (28-5) 
7 
_ 2X 40.5 mA - 258mA 
7 
d. Pac = Vaclac (3-5) 


5.7 V xX 0.0258 A = 0.147 W 

These answers should be compared to those for Exam- 
ple 28-1, which uses the same value of AR, and ac input 
voltage. 


The peak inverse voltage of each diode in the full-wave 
rectifier is 2V,, or 17.8 V in Example 28-3. This is be- 
cause the peak voltage of V,,, across the load occurs at the 
Same time that the input voltage to the nonconducting 
diode is a peak. The sum of these two polarity-aiding volt- 
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ages is the diode’s peak reverse voltage. (That is, the PIV 
is the peak voltage across the full secondary). 


28-10.1 Bridge Rectifier 


If four diodes are used in a bridge configuration, there is 
no need for a center-tapped (CT) transformer. This ar- 
rangement, shown in Fig. 28-1l6a, produces the same 
waveform as the full-wave two-diode CT transformer rec- 
tifier (Fig. 28-15c). Note that the line-to-line transformer 
secondary voltage is only 6.3 V. Conduction alternates be- 
tween diodes D, and D3 for one half-cycle of the input and 
diodes D, and D, for the other half-cycle. This causes a 
PIV for each diode of only V,,, again, the peak voltage 
across the secondary. 

For convenience, commercial bridge rectifiers contain 
four diodes encapsulated in the same package, with two 
terminals provided for connecting the ac input and two ter- 
minals for the dc output. (See Fig. 28-17.) 





(6) Ac input voltage to rectifying circuit. 





@) 
Di and D3 D2 and D4 D1 and D3 


(c) Full-wave rectified output across load. 


FIGURE 28-16 
Full-wave rectification with a bridge rectifier. 
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FIGURE 28-17 
Encapsulated bridge rectifier packages. (Courtesy of 
International Rectifier.) 


One advantage of the bridge rectifier is greater use of 
the transformer secondary winding in delivering the cur- 
rent to the load, as compared to either of the other two 
rectifiers. Therefore, for a given voltampere (apparent 
power) rating of the transformer, this circuit can deliver 
more dc power to the load than either of the two previous 
circuits. 

That is, a 1-kVA transformer can deliver 287 W of dc 
power in a half-wave rectifying circuit with no filtering, 
693 W in a two-diode full-wave rectifying circuit, and 812 
W in a bridge rectifier circuit. 





EXAMPLE 28-4 


A 120-V primary, 6.3-V secondary transformer is used in 
a full-wave bridge rectifier with a 220-© load. Neglecting 
diode losses, calculate: 

a. The dc voltage across the load. 

b. The dc current through the load. 

c. The dc power delivered to the load. 

d. The PIV of each diode. 
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Solution 
a. V, = 6.3 X V2 = 89V (15-18) 
2V mn 
Vie —— (28-4) 
7 
2x 89 V 
= = = 5.7V 
“iy 
Vac 
5 leg =— " 
d R, (3-1a) 
5.7V 
= 220 O = 25.9 mA 
C. Puc = Vaclac (3-5) 


5.7 V x 0.0259 A = 0.147 W 

d. PIV=V, = 8.9 V 

These answers should be compared to those from Ex- 
ample 28-3. (Numerical differences are due to rounding- 
off.) 





28-10.2 Three-Phase, Full-Wave 
Rectifier 


An important application of the rectifier is in the electrical 
system of modern automobiles. Since a three-phase alter- 
nator is used to supply the auto’s electrical needs, an ac- 
to-dc conversion circuit is required. Also, because there 
are three phases, six diodes are required for full-wave rec- 
tification, as shown in Fig. 28-18a. The diodes are usually 
visible mounted on the alternator frame, which functions 
as a heat sink to cool the diodes. 

Consider the interval from X to Y in Fig. 28-18c. In 
this case, v,, is positive, which means that current will 
flow from A, through D1 and the load, and back through 
DS into B (v,, is negative). From Y to Z, v,, iS near its 
maximum negative value, which means that A is positive 
with respect to C. Consequently, the current again flows 
out of A, through D1 and the load, and back through D6 
into C. Due to these conduction periods of only 60°, the 


V3 Von 


output voltage never drops below 5 


It is apparent from Fig. 28-18c that the output voltage 
has a higher average value than any of the previous cir- 
cuits, and can be shown to be 


Vac = (28-6) 


3Vn 
T 
31 n 
and la = 
7 


(28-7) 
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(6) Three-phase input voltage, each 


phase separated by 120°. 





(c) Load voltage waveform showing dc output. 


Also, the PIV of each diode is only V,,, as in the bridge 
rectifier. 


NOTE The three-phase voltages could be obtained from the 
secondary windings of three single-phase transformers whose 
primary and secondary windings would be connected in a wye 
as shown, or in a delta. 


EXAMPLE 28-5 


A three-phase, full-wave rectifier must develop a dc out- 
put voltage of 14.5 V (typical in an automobile). 


FIGURE 28-18 

Circuit and waveforms for a 
three-phase full-wave 
rectifier. 


a. Determine the necessary rms output voltage from 
the alternator. 

b. What is the peak current through the diodes when 
the alternator is supplying (after rectification) 30-A dc 
to the load? 

c. Determine the PIV of the diodes. 


Solution 
as Veo" (28-6) 
7 
Therefore, V,, = 3 Vee 
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TABLE 28-1 
Comparison of Rectifier Circuits. (No filter connected.) 





Half-Wave 


Secondary voltage 
line-to-line (Vin, = V2V) 

Number of diodes 

PIV 

Vac 


Output waveform 


Ripple frequency 


_ a V = 152V 
Vims = Vm X 0.707 (15-17) 
= 15.2V x 0.707 = 10.7 V 
3/ 
b. i. erate 1 (28-7) 
7 
Therefore, /,, = glee 


3 30 A = 31.4A 
c. PIV=V,, = 15.2V 





Characteristics of the four rectifier circuits are com- 
pared in Table 28-1. 


28-11 CAPACITOR FILTERING 


The dc output resulting from single-phase (and even from 
three-phase) rectification contains too much ac “‘ripple”’ 
for most electronics applications. In an audio circuit, this 
would show up as a 120-Hz ‘‘hum’’ from a full-wave rec- 
tifier circuit (120 Hz is the ripple frequency in the output 
for a 60-Hz input). A half-wave rectifier circuit has a 60- 
Hz ripple frequency, but this circuit is seldom used where 
a very ‘‘smooth’’ output voltage is required. 

A simple way to filter out much of the unwanted alter- 
nating current is to use a large electrolytic capacitor in 
parallel with the load. This method, suitable for only light 
loads, is shown in Fig. 28-19. 
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Full-Wave Bridge Three-Phase 
2V V V 
2 4 6 
ZV, Vin V,, 
T T 7 
0——$—__—_— 0 0 
ft of 6f 


The capacitor charges up to the peak value of the input 
voltage and tries to maintain this value (V,,). As the full- 
wave rectified input drops to zero, the capacitor discharges 
through R, until the input voltage again increases to a 
value greater than the capacitor voltage. At this point, a 
diode will again be forward-biased and there will be a 
pulse of current through it, recharging the capacitor. 

It is apparent from the output waveform in Fig. 28-19b 
that there is a ripple voltage that is said to be “‘riding on 
a dc level.’’ For light loads (those with a large R,), the dc 
voltage will remain near V,,. However, as the load in- 
creases (a decrease in R,), the discharge of C will be 
greater, resulting in more ripple and a lower dc output 
voltage. 


28-11.1 Ripple Factor 


The success of a filter is measured by the ripple factor (7), 
which is defined as 


(28-8) 


where: r is the ripple factor, dimensionless 
Vrms is the rms value of ripple voltage, in volts 
(V) 
Vac is the de output voltage, in volts (V) 
For a capacitor filter, the ripple is approximately trian- 
gular, with an rms value of 


Vr, p-p 


v, rms ~_ 
2V/3 





volts (28-9) 


CAPACITOR FILTERING 


120 V 
60 Hz 
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Current pulses through diodes 


(a) Full-wave rectifier with 
capacitor filter 


FIGURE 28-19 
Circuit and waveforms for simple capacitor filter. 


where: V, ms 18S the rms value of ripple voltage, in volts 
(V) 
V,,p-p 18 the peak-to-peak value of the ripple volt- 
age, in volts (V) 


EXAMPLE 28-6 


A full-wave rectifier supplies a load of 100 © with a filter 
capacitor of 1000 wF. The output is observed on an os- 
cilloscope and found to have a peak of 9 V and a peak- 
to-peak ripple of 0.8 V. Calculate: 

a. The rms value of the ripple voltage. 

b. The dc output voltage. 

c. The ripple factor. 








Solution 
Vr,p-p 
a V,. rms 2/3 (28-9) 
0.8 V 
= —— = 0.23 V 
2V/3 : 
Vr, p-p 
DV = va — (V2) 
=9V —- (28%) = 8.6V 
2 
V 
= r,rms 28-8 
Cc. Ir V.. ( ) 
0.23 V 
36V 0.027 
or expressed as a percent, 
r= 2.7% 


(b) Filtered output voltage showing 
peak-to-peak ripple voltage 


If the capacitor is recharged in a short time, compared 
with half of the period, the theoretical value of the ripple 
factor is given by 


1 2410 (28-10) 
| i — i — eet — ii - 
A4\/3fR,C CR, 
where: r is the theoretical ripple factor (full-wave), dimen- 
sionless 


C is the capacitance, in microfarads (WF) 
R, is the load resistance, in ohms (()) 
fis the supply frequency, 60 Hz 





EXAMPLE 28-7 


Calculate the theoretical ripple factor from the informa- 
tion given in Example 28-6 and compare it with the mea- 
sured value. 


Solution 


2410 
= 28-10 
"= CR, ( ) 





2410 
= —————_———_ = 0.024 or 2.49 
1000 pF x 1009 ~ 2-064 oF 2.4% 
This compares favorably with the measured value of 


2.7%. 


Note that Eq. 28-10 involves the time constant R,C of 
the circuit in the denominator, so that an increase in C or 


R, (or both) reduces the ripple. 


Two precautions should be observed in a capacitor fil- 
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ter. First, the large amount of capacitance required means 
that a polarized capacitor (such as an electrolytic type) 
must be used. It must be connected with the proper polar- 
ity. 

Second, any attempt to decrease the ripple simply by 
increasing the capacitance must be done carefully. A larger 
capacitor stores more energy, so it needs a larger pulse of 
current to recharge it. Also, this current must flow during 
an even shorter interval if there is less ripple. Taken to- 
gether, these factors mean that the diodes must be able to 
handle the larger peak charging currents and must be se- 
lected accordingly. 


28-12 INDUCTOR FILTERING 
An alternative to using a capacitor in parallel with the 
load is to use an inductor in series with the load. Since the 
characteristic of an inductor is to oppose any change in 
current, the coil will have a smoothing effect, as shown in 
Fig. 28-20. 

If you disregard the resistance of the inductor, the av- 


pA 
erage or dc output voltage will be _ as before. If the 


resistance is taken into account, the voltage will be re- 
duced using the voltage divider equation. 
The ripple factor can be shown to be 
1 R, 
SS ES ES 
6n\V/2f(L/R,) 1600L 





(28-11) 


where: r is the theoretical ripple factor, (full-wave) 
R, is the load resistance, in ohms (Q)) 
L is the inductance, in henrys (H) 
fis the supply frequency, 60 Hz 





(a) Full-wave rectifier with 
inductor filter 


FIGURE 28-20 
Circuit and waveforms for simple inductor filter. 


DIODES, RECTIFICATION, AND FILTERING 





EXAMPLE 28-8 


A full-wave rectifier feeds a 100-© load. If a 6-H choke 

is used for filtering, calculate: 

a. The theoretical ripple factor. 

b. The dc output voltage if V,, = 9 V and choke resis- 
tance is neglected. 

c. The dc output voltage if V,, = 9 V and the choke has 
a resistance of 25 (. 





Solution 
a 2 28-11 
" " ~ 4600L (28-11) 
100 
5 iene. EE ° 
1600 X 6 0.01 or 1% 
OV, 
b. Vac = —~ (28-4) 
7 
ii 4 
ee 5.7V 
TT 
R, 
a Vie = 7TNV = 
C d 5 x Ro R, (5 5) 
100 0 
=57V x ———_— = 4 
55440007 7° 





Note once again that the time constant (L/R;) is in the 
denominator of Eq. 28-11, so a larger time constant is still 
desirable for effective filtering. However, for inductor fil- 
tering, this requires a large value of L or a small value of 
R,;, (or both). Contrast this to capacitor filtering, where a 
large value of R; is better. Inductor filtering is considered 
effective only where load current is large (R;, is small), 
whereas capacitor filtering is considered effective only 
where load current is small (R;, is large). 





(b) Filtered output voltage showing 
average dc voltage 
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(a) Full-wave rectifier with 
choke-input filter 


FIGURE 28-21 
Circuit and waveforms for choke-input or LC filter. 


28-13 CHOKE INPUT OR LC FILTER 


The amount of ripple in the previous two filter circuits was 
determined in part by the load resistor; as the load 
changed, the amount of ripple also changed. If both a ca- 
pacitor and an inductor are combined in one filter, the 
ripple is independent of the load. This is shown in Fig. 
28-21. Neglecting the choke’s resistance, the dc output 


LY 
voltage is ——. The ripple factor can be shown to be 
7 


(28-12) 


where: r is the theoretical ripple factor (full-wave), dimen- 
sionless, for f = 60 Hz 
L is the inductance, in henrys (H) 
C is the capacitance, in microfarads (WF) 


TABLE 28-2 
Summary of Filter Circuits 





Type of Filter OF-]oF-Teli cols 


(b) Filtered output voltage showing 
average dc voltage 


EXAMPLE 28-9 


A full-wave rectifier uses an LC filter with L = 6 H and C 
= 1000 uF to feed a 100-© load. Calculate, neglecting 
the choke’s resistance: 

a. The theoretical. ripple factor. 

b. The dc output voitage if V,, = 9 V. 


Solution 
0.83 
a r=7G (28-12) 
0.83 
= eh ee ee ee eee = s s 14° 
6H x 1000 pF 0.00014 or 0.014% 
2Vin 
b. Vac = — (28-4) 
T 


Inductor 








Component values C = 1000 uF 
(A, = 100 Q) 


Ripple factor, r (C in pF, L 








2410 





in H, CR, 

R, in Q, f = 60 Hz) (2.7%) 
DC output voltage ye Vr.p-p 
(neglecting choke “ 2 
resistance) (8.6 V) 













L = 6H, 
C = 1000 uF 
0.83 
EC 
(0.014%) 
Vin 
T 
(5.7 V) 
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The answers for this example should be compared with 
those from Examples 28-7 and 28-8. In all three cases, the 
load is the same, but the LC filter has produced the lowest 
ripple of all. The capacitor filter provided the highest dc 
output voltage. This is summarized in Table 28-2. See 
Fig. 28-22 for a 5-V dc power supply that can provide an 
output current of 6 A at 40°C. Note the large 5000-wWF 
electrolytic capacitor used for filtering. This power supply 
also incorporates a voltage-regulating circuit. 

It should be noted that in some very light load applica- 
tions, the inductor in the LC filter can be replaced by a 
resistor. The value of the resistor should be equal to the 
inductive reactance of the coil calculated at the ripple fre- 
quency of 120 Hz. 

Finally, it should be noted that the ripple factor in a 
three-phase, full-wave rectified output (as in Fig. 28-18c) 
is only 5.5%, without any filtering. This is comparable to 
the output of dc generators formerly used in automobiles. 
In some industrial applications, where the large amounts 
of de power required would make filtering impractical, 
transformers can be interconnected to give 6-phase, 9- 
phase, or even 12-phase operation, resulting in less ripple 
when rectified. 


SUMMARY 
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FIGURE 28-22 

A 5-V de power supply with an output of 6 A at 
40°C. Note the large electrolytic capacitor used for 
filtering. (Courtesy of Lambda Electronics, Division 
of Veeco Instruments, Inc.) 


Pure silicon is a semiconductor having four valence electrons. A semiconductor 
crystal is formed by the covalent bonding of atoms. 


2. At room temperature, pure silicon has a small number of thermally generated 
electron-hole pairs and a relatively high resistivity. 

3. A hole is an incomplete bond due to an electron vacancy. A hole can contribute 
to the current by being filled with a valence electron. Holes move in a direction 
opposite that of electrons. 

4. The current in pure silicon is the sum of the free electron flow and hole flow, and 
it is very temperature-dependent. 

5. An N-type semiconductor is formed by adding a pentavalent impurity such as 
phosphorus, causing an increase in free electrons and a reduction in resistivity. 

6. A P-type semiconductor is formed by adding a trivalent impurity, such as alumi- 
num, causing an increase in holes and a reduction in resistivity. 

7. The majority current-carriers in an N-type semiconductor are electrons, and the 
minority carriers are holes. The reverse is true for P-type semiconductors. 

8. When a PN junction is formed, carriers diffuse across the junction to establish a 
potential barrier of about 0.7 V (for silicon). 

9. A forward-biased PN junction diode has a low resistance. This is obtained by 
connecting the positive terminal of a dc source to the P-type side and the negative 
to the N-type side. The reverse is true for a reverse-biased diode. 

10. The current through a forward-biased PN junction consists primarily of majority 


carriers. The small reverse current (when reverse-biased) is due entirely to ther- 
mally generated minority carriers. 
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11. The diode V/ characteristics show that a cut-in voltage of only 0.6 V is needed 
for forward current to flow through a silicon diode. 

12. Every diode has a peak inverse voltage above which the diode breaks down, with 
an increase in reverse current. 

13. An ohmmeter with known polarity can be used to determine the anode and cathode 
terminals of a diode. 

14. A simple dc power supply can involve half-wave or full-wave rectification with 
single-phase or three-phase supplies, as summarized in Table 28-1. 

18. A filter circuit is used to smooth the output from a rectifier circuit and produce a 
more “‘pure’’ direct current containing less ripple. This is done using a capacitor, 
inductor, or LC circuit. 

16. The ripple factor is a measure of how well a filter circuit has removed the ac 
component from the output of a dc power supply. It is the ratio of the output ac 
ripple voltage to the dc output voltage. 

17. The ripple in a capacitor filter increases as the load resistance decreases, while the 
Opposite is true in an inductor filter. An LC filter has a ripple independent of load. 
These factors are summarized in Table 28-2. 


SELF-EXAMINATION 


Answer true or false 
(Answers at back of book) 
28-1. Both silicon and germanium are semiconductors with a valence of four. 


28-2. In pure silicon there are just as many holes as there are free electrons. 





28-3. If the temperature of pure silicon increases, the number of free electrons in- 
crease and the number of holes decrease. 

28-4. A hole may be thought of as a positive charge carrier. 

28-5. <A hole is the result of a broken or incomplete bond. 

28-6. When current flows in pure silicon, there are two components: one due to free 
electron flow, the other to hole flow. 

28-7. Because free electrons and holes flow in the same direction, the total current 
is the sum of the two. 

28-8. The current in pure silicon goes up as the temperature decreases due to a re- 
duction in resistance. 

28-9. A donor impurity must be pentavalent to form an N-type semiconductor. 


28-10. An N-type semiconductor is negatively charged. 

28-11. If the majority carriers in a semiconductor are electrons, the material must be 
N-type. ——___ 

28-12. In a P-type material the minority carriers are holes. 

28-13. An acceptor impurity is so called because, being trivalent, it has an incomplete 
bond that can accept a valence electron and create a hole. 

28-14. A P-type material, although it has a large number of positive holes, is still 
neutral. 

28-15. A potential barrier is established across a PN junction because of the diffusion 
of carriers across the junction uncovering bound ion charges. 
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28-16. The potential barrier makes the P-side positive and the N-side negative. 


28-17. The application of a forward bias reduces the potential barrier while a reverse 
bias increases the barrier. 

28-18. Forward bias involves connecting the positive to the P-type and the negative 
to the N-type. —____ 

28-19. The resistance of a forward-biased diode is low because majority carriers can 
easily cross the PN junction. 

28-20. Absolutely no current flows through a reverse-biased diode because the barrier 
is made so large. 

28-21. Because minority carriers are thermally generated, there is a high temperature 
dependence of the reverse current in diodes. 

28-22. The cut-in voltage of 0.6 V for a silicon diode is a direct result of the potential 
barrier across a PN junction. 

28-23. The VI characteristics can be approximated by an open switch when forward- 
biased and a closed switch when reverse-biased. 

28-24. The PIV is the maximum reverse voltage a diode can withstand before an 
appreciable current starts to flow. 

28-25. The reverse breakdown voltage of a Zener diode can be used to advantage in 
voltage regulation because of the small change in voltage across the diode 
when the current through it changes. 

28-26. If an ohmmeter indicates infinity when the positive side is connected to a 
diode’s anode and the negative side is connected to the cathode, the diode is 
3 

28-27. A half-wave rectifier produces a positive half-cycle of voltage in the output for 
each cycle of ac input. 

28-28. A full-wave rectifier circuit uses a minimum of two diodes and can use as many 
as four or Six. 

28-29. If a two-diode, full-wave, rectifier circuit uses a transformer with the same 
line-to-line secondary voltage as a half-wave rectifier, the output voltage will 
be twice that for the half-wave. 

28-30. Ina bridge rectifier one side of the dc output voltage is common with one side 
of the transformer secondary. 

28-31. The amount of dc power delivered to a load in a full-wave bridge rectifier is 
four times as large as the dc power in a half-wave rectifier utilizing the same 
ac input voltage on the transformer secondary. 

28-32. The ripple frequency in a three-phase rectifier is six times the supply frequency 
and accounts for the very low ripple factor. 

28-33. A capacitor filter relies upon the energy stored in a capacitor to be discharged 
at a slow rate for good filtering. 

28-34. A larger capacitor will reduce ripple without having any effect on the diodes. 


28-35. Capacitor filtering is best suited for light loads whereas an inductor filter is best 
with heavy loads. 

28-36. For a given amount of ripple, a choke-input filter requires a smaller capacitor 
than a pure capacitor filter. 

28-37. Since the property of an inductor is to oppose ac current due to inductive 
reactance, the dc resistance of the choke has no effect on the dc output voltage 
in an inductor or LC filter. 
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REVIEW QUESTIONS 


~1. What do you understand by the term covalent bonding? 
~~2. What is an electron-hole pair? 
— 3. Explain why an increase in temperature increases the conductivity in a semicon- 
ductor but decreases it in most metallic conductors. 
4. Explain why the total current flowing in pure silicon is the sum of the free electron 
flow and the hole flow. 

—5. When a pentavalent phosphorus atom replaces a silicon atom at room temperature, 

what is the effect on the following: 
—~a. The number of free electrons in the overall silicon. 
b. The number of electron-hole pairs. 
6. For the condition in Question 5, why doesn’t the liberation of the fifth electron 
from the phosphorus atom create as many holes as it does free electrons? 
~~7.—a. What are the majority carriers in N-type silicon? 
—b. What constitutes the minority carriers? 
—c. Is the material still neutral from a charge standpoint? 
d. What is meant by ‘‘bound positive charges?’’ 
—~ §8.> a. What acceptor impurity is used with silicon for P-type doping? 
b. How does this affect the electron-hole pairs? 
—c. What are the majority and minority carriers? 
~~ 9. What prevents the migration of all the electrons from the N-type material across 
the PN junction to the P-type side at the moment a PN junction is formed? 
—10.~ a. Which PN junction, silicon or germanium, has the higher potential barrier to 
the flow of majority carriers? 
—b. How does this show up in the V/ characteristics of the two diodes? 

~11. Explain how there can be any current flowing across a reverse-biased PN junction 
and why this current is very temperature-dependent. 

—~12. A germanium atom has 32 electrons in orbit around its nucleus, silicon only 14. 
Can you suggest why the reverse current of a PN junction diode is larger when 
constructed from germanium instead of silicon? 

13. Explain in your own words why a PN junction diode has a peak inverse voltage. 

14. Explain in your own words how you would determine the anode and cathode of a 
diode, given an ohmmeter. What must you be sure of? 

15. Describe the indications of an ohmmeter when checking diodes that are 


a. Shorted. 
b. Open. 
c. Good. 


16. If a diode is checked with an ohmmeter in the forward-biased connection, explain 
why the readings are not constant as you change from a high range to lower 
ranges. Will the resistance readings get larger or smaller? Why”? 

17. If a diode is forward biased in a circuit, explain how, with a dc voltmeter, you 
could determine if it is germanium or silicon. 

18. Consider the full-wave rectifier circuit of Fig. 28-15a. Describe the effects of: 

a. Reversing both diode directions. 
b. Reversing the direction of one diode. 

19. Consider the bridge rectifier circuit of Fig. 28-16a. Describe the effects of: 

a. Reversing all the diodes. 
b. Reversing diode D1. 
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c. Reversing diodes D1 and D2. 

20. Explain why the peak inverse voltage of a diode in a half-wave rectifier is 2 V,, 
when a capacitor filter is used. 

21. Explain why an increase in the time constant in a capacitor filter circuit decreases 
ripple. 

22. Explain why repetitive peak diode current is increased as ripple is decreased in a 
capacitor filter circuit. 

23. Describe how you would use an oscilloscope to experimentally determine the rip- 
ple factor of a dc power supply. 

24. Suggest a reason why an inductor filter is more effective with a heavier load. 

25. How does the ripple factor vary with load for the following filters: 
a. Inductor. 
b. Capacitor. 
c. Choke input. 

26. What advantage does an LC filter have over a capacitor filter? What disadvantage 
does it have? 


PROBLEMS 


(Answers to odd-numbered problems at back of book) 
28-1. A 120-V primary, 24-V secondary transformer is used to supply a half-wave 
rectifier and a 470-Q, load. Neglecting diode losses, calculate: 
a. The dc voltage across the load. 
b. The peak diode current. 
c. The dc load current. 
d. The dc power delivered to the load. 
e. The PIV across the diode. 
Sketch the waveforms of the load voltage and current. 
28-2. Repeat Problem 28-1, using a 48-V secondary. 
28-3. If a load requires a dc voltage of 9 V from a half-wave rectifier, determine: 
a. The rms input voltage to the rectifier. 
b. The load resistance if the peak load current through the diode must not 
exceed 500 mA. 
28-4. Repeat Problem 28-3 using a dc voltage of 12 V. 
28-5. A 120-V, 60-Hz voltage is applied to the primary of a 1:2 step-up transformer 
whose secondary is center-tapped, allowing a load of 1 k) to be connected to 
a full-wave rectifier utilizing two diodes. Neglecting diode losses, determine: 
The dc voltage across the load. 
The dc current through the load. 
The de power delivered to the load. 
The PIV across each diode. 
The ripple frequency of the output. 
28-6. Repeal Problem 28-5 using a 1:4 step-up transformer. 
28-7. a. Specify what secondary transformer voltage is necessary to produce 18-V 
de across a 50-Q load connected to a two-diode, full-wave rectifier. 
b. What will be the peak current through each diode? 
28-8. Repeat Problem 28-7 for 30-V dc across a 100-Q load. 
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28-9. Repeat Problem 28-5 using a bridge rectifier connected across the full second- 
ary of the transformer. 


28-10. a. What secondary voltage is necessary to be connected to a bridge rectifier 
to obtain a dc voltage of 100 V? 

b. What will be each diode’s PIV for this situation? 

28-11. A 208-V, 60-Hz, three-phase system is applied to a full-wave rectifier circuit 
that supplies dc power to a 50-Q, load. Determine: 
a. The dc output voltage across the load. 

b. The dc power in the load. 
c. Each diode’s PIV. 
d. The ripple frequency of the output. 

28-12. Repeat Problem 28-11 using a 277-V, 400-Hz, three-phase system. 

28-13. a. A filtered dc power supply is known to have a 10% ripple factor. If the dc 
output voltage is 12 V, what is the rms value of ripple voltage in the 
output? 

b. Assuming that this ripple is sinusoidal in nature, what is its peak-to-peak 
voltage? 

c. Sketch the waveform that a dc-coupled oscilloscope would indicate when 
connected across this power supply. 

28-14. Repeat Problem 28-13 assuming that the ripple voltage is triangular in nature. 

28-15. The output of a filtered dc power supply is observed on an oscilloscope and 
found to have an approximately sinusoidal ripple of 4 V,_, ‘‘riding’’ on a dc 
level of 16 V. 

a. Sketch this voltage waveform. 
b. Determine the percent of ripple. 

28-16. Repeat Problem 28-15 assuming a triangular ripple voltage. 

28-17. A 12.6-V, center-tapped transformer operating at 60 Hz is used in a two-diode, 
full-wave rectifier with a 100-wF capacitor to provide filtering for a 1-kO re- 
sistive load. Calculate: 

a. The theoretical percent ripple factor. 
b. The dc output voltage. 

28-18. Repeat Problem 28-17 using a 200-yF capacitor. 

28-19. What minimum size of filter capacitor is necessary with a full-wave rectifier 
operating at 60 Hz to make sure that the ripple factor does not exceed 1% with 
a load of 200 Q? 

28-20. Repeat Problem 28-19 using a frequency of 400 Hz. 

28-21. What value of inductance should be used in an inductor filter connected to a 
full-wave rectifier operating at 60 Hz if the ripple factor is not to exceed 3% 
for a 120- load? 

28-22. Calculate the dc output voltage for Problem 28-21 if a bridge circuit is used 
with a line-to-line voltage of 50 V, assuming that 
a. The choke has negligible resistance. 

b. The choke’s resistance is 30 Q. 

28-23. An LC filter is to be used to provide a dc output with 0.5% ripple when oper- 
ating from a full-wave rectifier operating at 60 Hz. To conserve the size of 
choke, a ratio for L/C = 0.01 is recommended (Z in henrys, C in microfarads). 
Determine the required values of L and C. 

28-24. The filter in Problem 28-23 is used with a 10-kQ) load and V,, = 20 V. Deter- 
mine: 
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28-25. 


DIODES, RECTIFICATION, AND FILTERING 


a. The dc output voltage neglecting the coil’s resistance. 

b. What value of resistance could be used to replace the inductor and still 
provide the same ripple. 

c. The approximate dc output voltage with the resistor as in part (b). 

Given the half-wave rectifier circuit in Fig. 28-23: 


120 V 100 W 
60 Hz 
FIGURE 28-23 amp 


Circuit for Problem 28-25. 


a. With the switch closed, determine the hot resistance of the 100-W lamp, 
and the rms value of the current. 

b. With the switch open, determine the rms voltage of the half-wave rectified 
output across the lamp. 

c. Calculate the dc voltage across the lamp. 

d. Assuming the hot resistance of the filament is directly proportional to the 
rms voltage across the lamp, calculate the resistance of the lamp with the 
switch open. 

e. Calculate the rms power delivered to the lamp when operating with the 
switch open and find the percentage reduction in power. 

f. Calculate the dc power in the lamp with the switch open. 
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The junction transistor, discovered in 1947 by a team of Bell 
Telephone Laboratory scientists, has revolutionized electronics. It 
has replaced the bulky, slower, heat-producing electron tube in 
almost every type of electronic equipment. Modern solid-state 
television sets consume a small amount of power (only a few tens 
of watts), compared to the hundreds of watts used by earlier tube- 


operated receivers. 


Essentially, a transistor consists of two PN junction diodes back- 
to-back or front-to-front. Since both electrons and holes are 
involved in the operation of a junction transistor, these devices are 
often referred to as bipolar junction transistors (BJTs). This 
distinguishes them from the more recently developed field effect 
transistors (FETs), in which only electrons or holes flow 
(depending upon the transistor type). Both BUTs and FETs are 
transistors. 


Transistors can be used to amplify signals. That is, they 
increase the magnitude of the input signal current or voltage (or 
both) to a higher-voltage, current, or power level by controlling a 
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power-supply voltage. This can be done using one of three 
possible configurations: common emitter (CE), common base 
(CB), or common collector (CC). These names are derived from 
whichever of the three transistor terminals (emitter, base, collector) 
is common to both the input and output of the amplifier. 


Virtually all commercial amplifiers use some form of negative 
feedback. This involves feeding some of the amplifier’s output 
back to the input to reduce the input signal. Although this results 
in some loss of gain, many beneficial effects occur. These include 
increased stability, increased bandwidth, and a reduction in 
distortion of the amplifier’s output. If positive feedback is supplied 
to the amplifier, the voltage gain increases and a condition of 
oscillation may occur. The amplifier now becomes an oscillator 
with a sinusoidal output, whose frequency is dependent upon the 


elements in the feedback circuit. 
Se ee 


29-1 PHYSICAL CHARACTERISTICS 


OF TRANSISTORS 


29-1.1 Types 


There are two types of bipolar junction transistors (BJTs), 
referred to as NPN and PNP transistors. Figure 29-1 shows 
an NPN transistor, which consists of a layer of P-type ma- 
terial (the base), sandwiched between two N-type regions 
called the emitter and the collector. 

The base is very thin, making up only about 1 to 2% of 


? Collector C 


C-B 
B junction 


E-B 
junction 





© Emitter E 


(a) Diagrammatic representation of an 
NPN sandwich 


(6) Two-diode equivalent 
circuit of NPN transistor 


the total length of the transistor. However, it is sufficient 
to produce two distinct PN junctions, represented in Fig. 
29-1b as two diodes shown pointing ‘‘outward.’’ The 
symbol in Fig. 29-lc uses an arrow, also pointing out- 
ward, to distinguish the emitter from the collector. The 
reasons for these names will become clear as you learn 
about the operation of the transistor. 

If the transistor is constructed with an N-type base and 
P-type material for the emitter and collector, the result is 
a PNP transistor. Its symbol, along with a simple two- 
diode equivalent circuit, is shown in Fig. 29-2. Note that 


66s 


the arrow on the emitter points ‘‘inward.’’ 


E FIGURE 29-1 
Different representations of 
an NPN transistor. 


(c) Symbol used for 
NPN transistor 
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E 





(a) Symbol for a PNP transistor 


(6) Ohmmeter readings 
for given polarity 


FIGURE 29-2 
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E 


(c) Ohmmeter readings 
for reversed polarity 


Checking a PNP transistor with an ohmmeter. (It is assumed that only one 


ohmmeter is connected to the transistor at any time.) 


29-1.2 Ohmmeter Checking of a 
Transistor 


Since a transistor is normally soldered into a circuit, it 
cannot be readily removed for testing. (Plug-in sockets, 
like those employed for electron tubes, are not generally 
used because of the large effect that oxidation of the con- 
tacts would have on the small voltages—only 0.6 V in 
some cases—found in transistor circuits.) A method of 
checking transistors without removing them from the cir- 
cuit uses an ohmmeter, as shown in Figs. 29-2b and 
29-2c. 

Depending upon whether a junction is forward- or re- 
verse-biased by the ohmmeter (no power is applied to the 
circuit otherwise, of course), a low or high reading will be 
obtained. A high reading is to be expected in both direc- 
tions between C and E, except when punch-through has 
taken place. Care must be taken to include the effects of 
any other components connected across the transistor ter- 
minals before deciding that the transistor is bad. Also, 
when used on the Jow-ohms range, some digital multime- 
ters may show a good junction to be open in both direc- 
tions. 

Care should be taken to use the middle ohmmeter 
ranges, since low ranges can produce excessive current 
and high ranges can produce excessive voltage that may 
destroy the transistor junctions. 


29-1.3 Construction 


Although the earliest transistors were made from germa- 
nium, practically all current transistors are manufactured 


from silicon. Many different methods were used to con- 
struct transistors in the past, but the common method today 
is the gaseous diffusion technique, closely related to inte- 
grated circuit (IC) construction. 

Figure 29-3 shows a simplified cross-sectional view of 
an NPN silicon planar transistor. Manufacturing begins 
with a block of N-type silicon covered with a layer of sil- 
icon dioxide. The base-collector junction is then etched by 
a photolithographic technique to expose an area of N-type 
material. Next, the silicon wafer is placed in a vessel 
(called a ‘‘boat’’) with an oxide of the appropriate doping 
impurity, such as boron, indium, or aluminum. The boat 
is Slowly passed through a furnace where temperatures are 
accurately controlled to some point between 800°C and 
1200°C (depending upon the type of junction desired). The 


Aluminum metallization 
contacts 


Silicon 
dioxide 





0.005 mm 


0.3 mm 


C 


FIGURE 29-3 

Typical construction of an NPN silicon planar 
transistor manufactured using the gaseous diffusion 
technique. 
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Key or TAB 
underside view 


cae 


(b) TO-92 plastic small-signal 


(a) TO-5 metal can or ‘“TOP-HAT”’ 
type. Ex. 2N3391. 


low-power type. Ex. 2N2905 


FIGURE 29-4 

Typical transistor packages and 
lead identification. (Photographs 
in (e) courtesy of International 
Rectifier.) 


impurity atoms, in gaseous form, diffuse into the area of 
N-type material that was exposed by etching, forming a 
thin layer of P-type material. This becomes the base re- 
gion of the transistor. 

The process is then repeated, using an N-type doping 
impurity to diffuse the emitter into the base. A final layer 
of silicon dioxide is applied, then aluminum metallization 
contacts (terminals) are added. They extend through the 
final layer of silicon dioxide to make contact with the 
emitter, base, and collector regions of the transistor. 

It should be clear from Fig. 29-3 that the collector is a 
large region and that the base is a very thin layer between 
the collector and emitter. The transistor is not symmetri- 
cal, as may have been suggested by the representation in 
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Metal backing 


for heat sink 
(connected 
to collector) 





0.4” 
Underside view 


at 


(d) TO-3 or TO-66 metal can high- 
power type. Ex. 2N1702. 





(c) TO-220 plastic 
medium-power 
type. Ex. TIP 29. 





(e) Medium and high-power types 


Fig. 29-1. Also, the base is very lightly doped, in com- 
parison to the emitter and collector. These are very impor- 
tant characteristics that will help to explain the operation 
of the transistor. 


29-1.4 Packaging and Lead 
identification 


The silicon wafer from which the transistor is made is very 
brittle and must be protected by some form of encapsula- 
tion. Figure 29-4 shows four typical packages used for 
transistors. 

In the medium-power and high-power types of transis- 
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tors, the collector is often connected to the metal housing 
or backing. This helps to dissipate heat from the transistor 
to the metal chassis (heat sink) on which it is mounted. 
Where the chassis is used as a common electrical connec- 
tion (such as ground), a mica washer may sometimes be 
used to insulate the collector from the chassis. Silicone 
grease is applied to improve heat transfer from transistor 
to chassis. 

Power ratings for the small-signal type of transistors 
range from 75 to 300 mW, and from 5 to 150 W for power 
transistors at ambient temperatures of 25°C. 

Designations for transistors registered with the Elec- 
tronic Industries Association (EJA) have a 2N prefix, such 
as 2N3391 or a five-digit number such as 40340. Whether 
a transistor is NPN or PNP can only be determined (with- 
out testing) from a transistor catalog. The catalog also pro- 
vides information on lead identification. 

Many foreign transistor types use a prefix of 2SA or 
2SB for PNP (such as 2SA 497) and 2SC or 2SD for NPN 
(such as 2SC 497). Often, because of lack of space, the 
2S is omitted from the number. 


29-2 BASIC COMMON-EMITTER 
AMPLIFYING ACTION 


As already mentioned, a transistor amplifies an alternating 
input voltage signal by controlling the voltage of the power 


Minority 
carriers 
provide 
leakage 
current 





E 


(a) Forward-biased 
emitter-base junction 
Causes base current. 


(6) Reverse-biased 
collector-base junction 


to flow in collector. 


FIGURE 29-5 








causes only small leakage current 


INTRODUCTION TO TRANSISTORS, AMPLIFIERS, AND OSCILLATORS 


supply to which it is connected. To better understand how 
the transistor performs this function, refer to Fig. 29-5. 

If the emitter-base (EB) junction is forward-biased by 
Ver, a current will flow as in any PN junction diode. In a 
silicon diode, the voltage from base to emitter (Vpp) is 
between 0.5 and 0.6 V for a base current (/g) of 0.2 mA. 
(See Fig. 29-5a.) 

Now consider that a de voltage supply, Vec = 12 V, 
is connected from collector to emitter with the base open. 
Clearly, this reverse biases the collector-base junction, so 
that only a minority (leakage) current flows. This is re- 
ferred to as Icgo (the current from collector to emitter with 
the base open). Because this minority current is due to the 
thermally generated minority carriers (holes in the N-type 
material), the current is very temperature dependent. (See 
Fig. 29-5b.) Although Jcgo is very small in a silicon tran- 
sistor (about 1 wA at 25°C), it causes instability at higher 
temperatures. (One method to reduce this effect will be 
examined in Section 29-6.) 

Now consider the effect of simultaneously applying for- 
ward bias to the emitter-base (EB) junction and reverse 
bias to the collector-base (CB) junction, as shown in Fig. 
29-5c. The result is a large current flowing in the collec- 
tor. This current is typically 50 to 200 times as large as 
the base current in small-signal transistors. (Collector re- 
sistor Rc is used to limit the collector current to a safe 
value.) How is this possible if the collector-base junction 
is reverse biased? 


Majority 
carriers 


= 10mA 





(c) Small base current causes 
large collector current 
to flow. 


Current paths in an NPN transistor under different conditions of forward and reverse bias. 
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The answer lies in these three facts: 


1. The base is very thin. 

2. The base is very lightly doped, compared to the 
emitter and collector. 

3. The emitter-base (EB) junction is forward biased. 


The forward biasing of the emitter-base junction allows 
electrons (the majority carriers) in the N-type emitter to 
cross over into the base. Once these electrons are in the 
base, they come under the influence of the N-type collector 
region, which is connected to the positive side of Vcc. 
Almost all (98%) of the electrons emitted by the emitter 
are swept across the base and captured by the positive col- 
lector. Only a small base current flows because not many 
electrons (about 2% or less) recombine with holes in the 
base. This is due to the thinness of the base. The electrons 
do not spend much time in this region on their way to the 
collector. Also, the low availability of holes in the lightly 
doped base do not encourage very many recombinations. 

Thus, a small base current (used to forward bias the 
emitter-base junction) can control a much larger collec- 
tor current drawn from the supply (Vcc). And if the 
forward bias is increased, the collector current also in- 
creases. That is, the base current acts as a control valve 
or gate. 

How much collector current actually will flow depends 
on how well the emitter-base junction has been turned on. 
When suitable bias currents are used, the control of the 
base current over the collector current is quite linear until 
a saturation effect occurs. This is shown in Fig. 29-6, us- 
ing conventional current directions. 





(a) A base current of 0.2 mA causes 
a collector current of 9.8 mA. 


FIGURE 29-6 
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The base current does not generate or create collector 
current. The collector current is furnished by the collector 
supply (Vcc). The base current simply controls the conduc- 
tivity between the collector and emitter (CE) terminals. 
Also, if the base current is zero, the transistor conductivity 
from the collector to the emitter essentially drops to zero. 
From this standpoint, it is easy to see how a transistor can 
be thought of either as a valve or as a switch. The latter is 
a very important application in digital logic devices. 


29-3 CE COLLECTOR 
CHARACTERISTICS 


The way in which the base current controls the collector 
current can also be shown in a graphical form, called col- 
lector characteristic curves. Figure 29-7a shows the cir- 
cuit that can be used to obtain these curves experimentally, 
point by point. Alternatively, a curve-tracer will display 
this whole set of curves on a CRT screen, which can then 
be photographed. (See Fig. 29-8.) The characteristic 
curves in Fig. 29-7b show the influence of the collector- 
to-emitter voltage (Vcg). But for a given collector voltage, 
the family of curves shows essentially equal separations 
for equal increments in base current. This effect shows the 
linear nature of the transistor over most of its characteris- 
tics when used as an ac amplifier. 

The collector curves are very useful in transistor ampli- 
fier design and in comparing transistors of the same type 
if matched characteristics are required in certain amplifier 


Ip = 19.6 mA 





(6) A base current of 0.4 mA causes 
a collector current of 19.6 mA. 


Conventional current directions in an NPN transistor showing how base 


current determines collector current. 
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(a) Circuit to obtain collector 
characteristic curves foran 
NPN transistor in CE connection 


applications. This is especially important in complemen- 
tary symmetry amplifiers, where a matched pair of NPN 
and PNP transistors is used together. 


29-3.1 Forward-Current Transfer Ratio 


(B) 


You can also use the collector characteristic curves to cal- 
culate the ‘‘current gain’’ of the transistor (8), also known 
as the forward-current transfer ratio. Beta can be defined 
in terms of dc current or small-signal ac current. It is an 
indication of the control that the base current has over the 
collector current. 


Ic 


l, (29-1) 


For de: Bac = Are = 
Evaluating Bg. (also known as /Apg in transistor man- 


uals) at points R and S in Fig. 29-7b, you obtain 


Ic 5 mA 
= — = —— = 50 Vcg = 10 V 
_— = —  — = 50 Vcopg = 10 V 
At S, Bac = i 0.15 mA (Vcg ) 


Instead of evaluating B at specific points on the collec- 
tor characteristic curve, you can evaluate it as the ratio of 
a small change in the collector current for a given change 
in base current (A/p), or 


(29-2) 


Bac = Nee = Oe Vcr constant 


Evaluating B,. between points R and S in Fig. 29-7), 
you find that 






(b) Typical collector characteristic 
curves for a small-signal 
type of transistor in the 
CE connection 
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250 yA 


200 wA 


Ad 


FIGURE 29-7 

Test circuit and CE 
collector 
characteristics for an 
NPN transistor. 


Vog volts 


10 15 


— Ale _ 15mA —SmA 2.5 mA _ 50 


Bac = Alp 0.145mA —0.1 mA 0.05mA 


Over a large region of the characteristic curves, it is not 
unusual to find that By, = B,, and is fairly constant. As a 
result, the ac and dc subscripts are often dropped, and you 
can merely refer to the beta (8) of a transistor. 

Values for B vary from 50—500 for small-signal transis- 
tors, but may be only 10—50 for high-power transistors. 
However, even among transistors of the same type, it is 
not unusual for a 3—1 spread to exist between the mini- 
mum and maximum £ values. Furthermore, the B of a 
given transistor is extremely sensitive to, and varies with, 
the temperature. 

Note that you now can obtain the collector current for 
a transistor if you know its B, from the following equation: 


Ic = Blzg + Ico (29-3) 


where: JcRo is the leakage (minority carrier) current 
Iz 1S the base current 
Ic is the collector current 
8 is the transistor’s forward-current transfer ratio 


EXAMPLE 29-1 


A silicon small-signal transistor has a leakage current of 
1 pA and g = 200. Determine the transistor’s collector 
current when the base current is 


a. 0. 
b. 50 pA. 
c. 100 PA. 


CB COLLECTOR CHARACTERISTIC CURVES 
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FIGURE 29-8 
Type 576 curve tracer. (Courtesy of Tektronix, Inc.) 


Solution 

a. Ic = Ble + Iceo (29-3) 
= 200x0+1 pA 
= 1pA 

b. Io = Blg + Icto (29-3) 
= 200 x 50 pA +1 pA 
= 10mA+1pA 
~10mA 

c. Io = Ble + Iceo (29-3) 


= 200 x 100 pA + 1 pA 
= 20mA + 1pA 
=~ 20 mA 





Example 29-1 shows that the reverse leakage current 
can be ignored, except at extremely small values of base 
current. 
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Note that 8 has no units, since it is the ratio of two 
currents having the same units. 


29-4 CB COLLECTOR 
CHARACTERISTIC CURVES 


If the transistor is connected with the base terminal com- 
mon to both input and output, it is said to be operating in 
the common base mode. In this case, the emitter is the 
input terminal. Refer to Fig. 29-9a, where (for circuit 
variation), a PNP transistor is used in the common base 
connection. 

The voltage (Veg) forward-biases the emitter-base (EB) 
junction so that holes in the P-type emitter flow into the 
base region. Once again, approximately 98% of these 
charge carriers are swept through the narrow, lightly doped 
base into the P-type collector region. So, the base current 
is small as in the common emitter. Note that Vgp is nec- 
essary to forward-bias the emitter-base junction, but it is 
the ‘‘series’’ action of Veg and Vcc that provides the emit- 
ter and collector current. If Vcc acts alone, with J; = O, 
only a leakage collector current flows, called Icgo. This is 
the current from collector to base with the emitter open, 
and it is much smaller than Jc¢go in a CE configuration. 

Using the circuit in Fig. 29-9a, you can obtain the col- 
lector characteristic curves shown in Fig. 29-9b. The lines 
for each emitter current are practically horizontal, showing 
that the collector-base voltage (Vcg) has little effect on the 
collector current. 


29-4.1 Forward-Current Transfer Ratio 


(a) 


This is a measure of how much collector current flows, 
compared with the input emitter current. If you apply 
Kirchhoff’s current law to the transistor, you obtain: 


Ip=ie +L (29-4) 


It is clear then that the collector current is less than the 
emitter current by some small amount equal to the base 
current. In a way similar to that used for the CE connec- 
tion, you can define the ratio of collector current to emitter 
current in terms of dc or ac quantities. 


I 
Oae = hyp = - (29-5) 
E 
Al 
Q,. = hy = re Vopg constant (29-6) 
E 
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0 =5 


(a) Circuit to obtain collector 
characteristic curves for 
PNP transistor in CB connection 


These would be difficult to evaluate from the character- 
istic curves because Jc and J, differ by very small 
amounts. However, the dc and ac values are so close to 
each other, you can simply refer to the transistor’s alpha 


(a). 





EXAMPLE 29-2 


Dc current measurements for a transistor in the CB con- 
nection show an emitter current of 6 mA and a base cur- 
rent of 120 pA. Determine the transistor’s alpha. 


Solution 
Io = le = lp (29-4) 
= 6mA — 0.12 mA 
= 5.88 mA 
a = Ic (29-5) 
le 
5.88 mA 
~"6mA 





Note that the current gain in the CB connection is al- 
ways slightly less than unity (one). That is, the output cur- 
rent is always slightly less than the input current. How, 
then, can a CB connection be useful in an amplifier if it 
does not amplify the current? 

If the output current is made to flow through a collector 
resistor (R_) that is significantly larger than the input resis- 
tance (R;,), it is possible to have a significant voltage gain. 
In other words, the output voltage is larger than the input 
voltage. The word transistor, in fact, is derived from the 
words transfer-resistor because of the ability of the device 
to transfer essentially the same current from a low-resis- 
tance input to a high-resistance output. 


(6) Typical collector characteristic 
curves for a small- 
signal type of PNP 
transistor in the CB connection 
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15mA 
10 mA 


I, = 5mA 


++ Vg volts 


—15 FIGURE 29-9 


Test circuit and CB collector 
characteristics for a PNP 
transistor. 


29-4.2 Relation Between a and BB 


It was shown above that the determination of a could not 
be done accurately because it involved only small differ- 
ences in currents. However, B can be determined much 
more accurately, because of the large differences in collec- 
tor and base currents. If a transistor’s B is known, it can 
be shown that its a can be obtained quite accurately from 








p 
= 29- 
t= 8 (29-7) 
Solving Eq. 29-7 for B yields: 
8 =— (29-8) 
1-—a 


Equation 29-8 shows that for a high £, a transistor must 
have a as close to unity as possible. This implies that 
high-gain transistors must have a very thin, lightly doped 
base to reduce the base current to a very low value. Under 
these conditions, the collector current is practically equal 
to the emitter current and a is practically unity. 


EXAMPLE 29-3 


Use the information in Example 29-2 to obtain: 
a. The transistor’s B. 
b. The transistor’s a. 


(Use I; = 6 MA, Ip = 120 pA.) 


Solution 
a. Io = le — Ip (29-4) 
= 6mA — 0.12 mA 
= 5.88 mA 


CB COLLECTOR CHARACTERISTIC CURVES 
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B= (29-1) Note that the collector current for a CB transistor con- 
= nection can also be obtained from 
_ 5.88 mA _ 49 
0.12 mA Ic = ale + Icgo (29-9) 
__f (29-7) But since [¢go, which is a thermally dependent current, is 
1+ 6 typically only 0.025 wA at 25°C, the collector current in a 
_~_ 49 0.98 CB configuration is much less affected by temperature than 
1 + 49 is a CE connection. 
mA 
uA pA 0 - C, 
: ie + + 
NF 
R 
>, A 
; 1 ko 
@ : : (rr B = 50 
Ip LS UCE a Vo 
R, R B Zc) 2 mA 
v; | 9 kO 7 
». 4) a )0.10 mA == Veg 
+ T+ Veep 1S 
7 —T 15V = _ 


(a) CE ac amplifier circuit with two batteries 


L., WA 
50 


(6b) Signal input current (ac) 


— 


(c) Base bias current (dc) 


Ip, BA 


(d) Total base input current 


we 


t 


FIGURE 29-10 
Common emitter ac amplifier circuit 
and input current waveforms. 


oe 
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29-5 BASIC COMMON-EMITTER 
AMPLIFIER 


You have seen how a small dc base current can cause a 
larger dc collector current to flow through the transistor. If 
the base current is varied, the collector current will also 
vary. And, if this collector current is made to flow through 
a load resistor, an output voltage will be developed. 
Figure 29-10a shows Vgpg (the base supply voltage) 
causing a dc-base bias current (Jp) of 100 A. This, in 
turn, causes a dc collector current (/¢-) of 5 mA. (Assum- 
ing that 8 = 50.) A sinusoidal signal voltage (v,) with its 
internal resistance (R,) is connected from base to emitter 


om ™. 

I to) 

Nw GF N 3 

oO ua Oo a & 
~™ 


(a) Total collector current 


(b) Collector-to-emitter voltage 


(c) Output voltage 


(d) Base-to-emitter voltage (input) 
FIGURE 29-11 
Current and voltage waveforms for a CE amplifier 
circuit. 
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through a coupling capacitor (C;). This capacitor simply 
prevents Vpp from sending dc current through the applied 
signal. However, capacitor C; allows the ac signal current 
(i,) to be superimposed on the dc bias current (/g) to pro- 
duce a total base input current of ig. These three current 
waveforms are shown in Figs. 29-10b, 29-10c, and 29- 
10d, where it is assumed that the ac signal current is 100 
wA peak-to-peak. 

This base current variation is amplified 50 times, caus- 
ing a 5 mA peak-to-peak variation in the collector current 
superimposed on a dc level of 5 mA, referred to as ic. 
(See Fig. 29-11a.) 

When this varying collector current flows through the 
1-kO collector resistor Rc, the collector-to-emitter voltage 
varies between 7.5 and 12.5 V. (See Fig. 29-11b.) That 
is, as the collector current reaches its peak of 7.5 mA, Vcr 
drops to 7.5 V; when ic is at its minimum of 2.5 mA, Vcg 
rises to 12.5 V. This is because vcg is equal to Vcc minus 
the voltage drop across R¢ and is given by 


Vcr = Vec — ickc (29-10) 


Capacitor C, blocks the 10-V dec level in vcg, producing 
an output voltage (v,) of 5 V peak-to-peak. (See Fig. 29- 
11c.) Since this voltage is an inverted sine wave compared 
with the input voltage (vgg), the CE amplifier is said to 
cause phase inversion. (See Figs. 29-11c and 29-11d.) 


29-5.1 Waveforms 


From Fig. 29-10d, you can see that a minimum value of 
dc bias current (J,) into the base is necessary to prevent 
the base current from dropping too low when an ac signal 
is applied. This prevents the transistor from being cut off, 
which would introduce distortion into the output current. 

Similarly, the dc bias voltage of 0.6 V from base to 
emitter (Fig. 29-11d) is maintained by Vgp. In this exam- 
ple, a change of only 0.04 V peak-to-peak from the input 
signal is needed to vary the base and collector currents as 
shown. 

If there is no distortion, the variations in current and 
voltage will be sinusoidal. This means that the dc readings 
of Ip, Ic, and Vcg will remain at 0.10 mA, 5 mA, and 10 
V, respectively, whether a signal is applied or not. 


29-5.2 Current, Voltage, and Power 
Gains 


The ac current, voltage, and power amplifications can be 
defined as follows: 


BASIC COMMON-EMITTER AMPLIFER 


Current gain, (29-11) 
where: A; is the current gain, dimensionless 
i. is the ac component of the output collector cur- 
rent (ic) 
i, is the ac component of the input signal current 


V; 


Voltage gain, (29-12) 
where: A, is the voltage gain, dimensionless 
v, 1s the ac component of the output collector volt- 
age (VcR) 
v; is the ac component of the input signal voltage 
from base to emitter (Vgp) 
(if v, is used instead of v;, the open-circuit voltage gain 
(A,,) results.) 
Ro Ro 
Alternatively, Ay A (29-13) 
R; R; 
where: A, is the voltage gain, dimensionless 
A; is the current gain, dimensionless (approxi- 
mately equal to —f8 for a CE single-stage am- 
plifier) 
R, is the total ac load resistance on the amplifier 
(Rc in this case), in ohms (Q2) 
R; is the ac input resistance to the amplifier, in 


ohms, given by us 
i 


Ss 


a 


Power gain, A, = — =A, XA; 


i 


(29-14) 


where: A, is the amplifier power gain, dimensionless 

P, is the ac output power 

P; is the ac input power 
Sometimes, power gain (A,) is given in terms of decibels 
(dB), defined as 


r 
power gain in dB = 10 log ry = 10 log A, (29-15) 


EXAMPLE 29-4 


Using the data in Figs. 29-10 and 29-11, calculate the 
following ac characteristics of the amplifier. 

a. Current gain. 

b. Voltage gain. 

c. Input resistance. 

d. Power gain. 
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Solution 
i 
a A; = - (29-11) 
_ SmAp-p 
0.1 mAp-p ~ iia 
b. A, = (29-12) 
Vj 
o V p-p 
= = 12 
0.04 V p-p . 
C R; = Mi 
ig 
—  0.04Vp-p 
0.1 x 10°°Apep | aa 
R 
= A— 29-1 
Ay Arp (29-13) 
1000 
50 400 © 125 
d. A, =A, x A; (29-14) 


= 125 x 50 = 6250 
power gain in dB = 10 log A, 
10 log 6250 
10 x 3.8 = 38 dB 


Decibels are used to linearize power level changes to 
show, for example, what sound levels the human ear will 
notice. If an amplifier’s output is doubled from 4 to 8 W, 
this corresponds to an increase of 10log2 = 3 dB. If the 
output is doubled again from 8 W to 16 W, the increase is 
again: 





101 ae 3 dB 

°F SW 

The doubling of power will sound the same in either 
case (even though in one case there is an increase of 8 W 
and in the other, there is an increase of only 4 W). Thus, 
the mathematical description of 3 dB in each case has in- 
dicated the same change in hearing response, (at a given 
frequency, for a given person) regardless of the sound lev- 
els. The decibel level change is now a linear response. 
Incidentally, a change of 3 dB can be noticed, but it is not 
an appreciable change in power to the human ear. 


29-5.3 CE Amplifier with a Single 
Supply Voltage 


The common emitter has two valuable features. One is the 
ability to produce a high power gain because it develops 
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(a) CE ac amplifier operating from 
a single supply 





(b) CE ac amplifier circuit redrawn 


FIGURE 29-12 
CE amplifer operates with fixed bias from a single 


supply voltage. 


both current and voltage gains. (The CB and CC amplifiers 
only amplify voltage or current, respectively, but not 
both.) The second valuable feature of the CE amplifier is 
the need for only one power supply. Figure 29-12a shows 
how the 15-V collector supply can be used to provide base 
bias if Rg is increased from 9 kQ with Vgg = 1.5 V to 
144 kQO with Vec = 15 V. Rg = (15 V — 0.6 V)/0.1 mA 
= 144 kQ. This is possible because both supplies have 
their negative sides tied to the common emitter. (Note that 
this is not possible to do directly in a CB amplifier. See 
Fig. 29-9a.) 

Figure 29-12b indicates the preferred way of drawing 
the CE amplifier circuit. This is especially convenient 
when a number of CE amplifiers, all operating from the 
same supply voltage, are connected in cascade. This 
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means that the output of one amplifier is connected, 
through a coupling capacitor, to the input of the next. In 
this case, the overall voltage gain is given by the product 
of the individual voltage gains of each amplifier. (If the 
individual stage gains are given in decibels, the total 
power gain is the sum of the individual gains.) 


29-6 PRACTICAL CE AC AMPLIFIER 
WITH BIAS STABILIZATION 


You have seen that the collector current of a transistor in 
the CE connection is given by 


Ic = Ble + IcKo 


Both B and the minority leakage current (/cgo) are tem- 
perature dependent. Also, as temperature increases, the in- 
put resistance decreases, causing an increase in Jp. There- 
fore, the collector current goes up with the temperature. 
This increase in the collector current causes more heat to 
be dissipated within the transistor, raising its temperature 
further and causing still another increase in collector cur- 
rent. Thus, any rise in the ambient temperature (that is, in 
the medium surrounding the transistor) can lead to thermal 
runaway. This means that the amplifier’s operating point 
changes, causing distortion, and—in large power transis- 
tors—could even lead to transistor damage. The solution 
lies in arranging the circuit so that it provides temperature 
stability. This is called bias stabilization. 

One method of providing bias stabilization is to make 
any increase in the average value of the collector current 
(Ic) cause a decrease in the base current (/g). A simple 
way of doing this is to use a resistor in the emitter lead, 
as shown in Fig. 29-13. 

The voltage now responsible for forward biasing the 
base-emitter junction is given by Kirchhoff’s voltage law: 


(29-3) 


VeE = Vr5 = VR, (29-16) 
-_ VRo _ TpR. 
~ Vr, — IcRe 


The voltage across R, (i.e., Vr,), resulting from the 
voltage divider of R,; and R, tends to forward bias the 
base-emitter junction. But the dc portion of the emitter 
current (which is practically equal to the collector current) 
develops a voltage across the emitter resistor (R,) that 
tends to reverse bias the base-emitter junction. Further- 
more, this reverse bias increases whenever the collector 
current increases. This produces a reduction in forward 
bias, causing Jz, to drop and keeping Jc nearly constant 
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O+V,., 12V 
Re 
330 0 





whenever /¢ tries to increase due to a rise in temperature. 
(See Eq. 29-3.) 

The resistor R, is bypassed by the capacitor C, so that 
the ac component of the emitter current will not pass 
through the emitter resistor. The ac component of current 
will take the easy path through the capacitor, bypassing 
the resistor. If this were not done, the ac voltage devel- 
oped across R, would reduce the ac input voltage between 
the base and the emitter of the transistor itself. This would 
decrease the ac voltage gain of the amplifier. 

It should be noted that this bias stabilization is also use- 
ful in cases where a transistor is replaced by one of the 
same type, but with a very different 8 value. The circuit 
shown in Fig. 29-13 makes the gain virtually independent 
of 8 and more dependent on the values of bias resistors 
selected. 

Although a CB amplifier is the most stable configura- 
tion and has no need of bias stabilization, the CE amplifier 
has the advantage of high-power gain, so the emitter feed- 
back circuit of Fig. 29-13 is almost universally used. 


29:7 FREQUENCY RESPONSE OF A 
CE AMPLIFIER 


An important characteristic of an amplifier is how constant 
its voltage (and power) gain is over the band of frequen- 
cies it is designed to handle. To show this information, a 
frequency response curve can be plotted, either in terms of 
the voltage gain or the power gain variation in décibels. 
(See Fig. 29-14.) 

The frequencies at which the voltage gain drops to 
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FIGURE 29-13 

Typical CE ac amplifier circuit 
with emitter and voltage-divider 
bias to provide bias 
stabilization. 


70.7% of the gain at some midfrequency (such as 400 Hz 
or 1 kHz) are called the upper and lower half-power fre- 
quencies (f, and f,). Also, Af, the band of frequencies 
between f, and f5, is called the half-power or 3-dB band- 
width. Since a 3-dB change is not very noticeable to the 
human ear, the response is considered essentially ‘‘flat’’ 
over this bandwidth. 

For acceptable audio (high-fidelity) amplifiers, f; is usu- 
ally around 20 Hz and f; around 20 kHz to encompass the 
hearing range of most people. In some amplifiers that re- 
quire a transformer in the output (to match a low-imped- 
ance speaker), the response may show a resonant rise due 
to distributed capacitance and inductance in the transfor- 
mer. 

The reason for the drop-off in response (Fig. 29-14) at 
low frequencies is the comparatively high capacitive react- 
ance of C;, C,, and sometimes C, in the circuit of Fig. 29- 
13. This causes a decrease in the base-emitter input volt- 
age because of the voltage drop across C; and a reduction 
in the output voltage across R, due to the voltage drop 
across C,. 

The reduction in gain at high frequencies is due to the 
capacitive effects of the reverse-biased PN junctions in the 
transistor itself. These junction reactances (essentially X;) 
become very low at high frequencies and tend to ‘‘short’’ 
the input signal to ground. 

A transistor’s high-frequency capability is indicated in 
the manufacturer’s specifications by its small-signal, cut- 
off frequency (f7). This is the frequency at which the 
short-circuit CE current gain drops to unity. Audio transis- 
tors have typical values of f- = 1 MHz, while RF (radio- 
frequency) transistors have f; values around 1 GHz. 
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; Power gain 
Voltage gain 





fy 1 kHz fo 


(a) Typical voltage gain versus frequency 
response curve for an audio amplifier 


variation in dB 
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1 kHz i, 


(b) Frequency response curve for an audio 
amplifier with a transformer output 


showing half-power bandwidth 


FIGURE 29-14 


Amplifier frequency response curves showing half-power bandwidths in terms of voltage 


gain and power gain in decibels. 


The type of transistor configuration connection also de- 
termines the value of f,. A CB amplifier is much better 
than a common emitter at high frequencies and often is 
found in the front end of an FM receiver operating at fre- 
quencies around 100 MHz. 


29-8 NEGATIVE FEEDBACK 


The circuit of Fig. 29-13 operated on the principle of emit- 
ter feedback to stabilize the transistor in the event of a 
temperature rise. This is a form of negative feedback. 
The principle of negative feedback is a very important 
one and is widely used in amplifiers, communications cir- 
cuits, and control systems. Basically, it involves feeding a 
signal (voltage or current) back from the output of an am- 


Adds signals 
together 






Amplifier with 
voltage gain 


Uv 








V 


0? 


V! 


0? 


Feedback 
circuit with 
factor k 


Open: No feedback 
Closed: Provides feedback 


plifier or system to the input of the system. The general 
concept is shown in Fig. 29-15. 

If the switch in the feedback path is open, there is no 
feedback, and the voltage gain of the amplifier is 


(29-12) 


With the switch in Fig. 29-15 closed, a portion of the 
new output, equal to kV’, is added to the input. This 
changes the new input to the amplifier to v; + kV’. 
Whether this increases or decreases the input depends upon 
the phase relationships or the signs (positive or negative) 
of k and A,. In negative feedback, the input is deliberately 
decreased. 

It can be shown that the overall gain of the amplifier 
with feedback is now given by 


output with no feedback 
output with feedback 


FIGURE 29-15 

Block diagram showing how 
feedback can be introduced to an 
amplifier. Negative feedback 
results if kA, is negative; positive 
feedback results if kA, is positive. 


NEGATIVE FEEDBACK 


Vv, A, 
V; 1-KA, 





Ay = (29-17) 
where: A,, is the voltage gain with feedback 
A, is the voltage gain without feedback 
k is the feedback circuit factor, usually between 0 
and | 


Note that kA, is the loop gain. For negative feed- 
back, kA, is negative, the denominator increases and 
A,» decreases. But if kA, is positive (positive feedback), 
the denominator of Eq. 19-17 decreases, and Ay, in- 
creases. (Such increases can convert the amplifier to an 


oscillator.) 
This is clearly shown in Example 29-5. 





EXAMPLE 29-5 


An amplifier has a voltage gain of —40. Calculate the 
overall voltage gain when feedback is provided as fol- 
lows: 

a. 10% negative feedback. 

b. 20% negative feedback. 

C. 1% positive feedback. 


Solution 
a. Whenk = 0.1 (10%); KA, = 0.1 x —40 = —4 


Ay 
1 — kA, 
—40 _  —40 
1 -— 0.1 x (-40) 1 - (-4) 
—-40 _ 
14+4 | 
b. Whenk = 0.2 (20%); kA, = 0.2 x —40 


Ay = 





(29-17) 





—-8 


I 
| 
Oo 


Ay 
1 — kA, 
—40 _  —40 
1-02 x (-40) 1 -— (-8) 


Ay = 





(29-17) 





Note that the gain has decreased because negative 
feedback has increased from 10 to 20%. (The de- 
nominator has increased.) 

c. k = —0.01 (1%); KA, = —0.01 x —40 = +0.4 


Ay 


Ais 
a 4 = KAG 





(29-17) 


Note that in the case of positive feedback, the de- 
nominator of Eq. 29-17 decreases, causing the over- 
all gain (with feedback) to increase. 


29-8.1 Reasons for Using Negative 
Feedback 


It can be seen from the above example that negative feed- 
back reduces the voltage gain, while positive feedback in- 
creases the voltage gain. Why then should anyone want to 
use negative feedback, if it is going to decrease voltage 
gain? The reduction in gain is the price that must be 
paid to obtain the following benefits with negative feed- 
back: 


A reduction in distortion of the amplifier’s output. 
A widening of the amplifier’s bandwidth. 

Often, an increase in input resistance. 

Often, a decrease in output resistance. 

Sometimes, a decrease in amplifier noise. 
Stabilized voltage gain (effects of changes reduced 
in the active device itself). 


rar eS > 


Almost all commercial amplifiers, like the one shown 
in Fig. 29-16, use some form of negative feedback to 
achieve these benefits. These characteristics are improved 
by the same factor, 1 — kA, (recall that the term kA, is 


negative), as the voltage gain is reduced. That is, 
Ry = R(1 — KA,) (29-18) 


where: Rj is the input resistance with feedback 
R; is the input resistance without feedback 
BW; = BW(1 — kA,) 
where: BW; is the bandwidth with feedback 
BW is the bandwidth without feedback 


__D 
i = fA, 


(29-19) 


D; (29-20) 
where: Dy is the distortion with feedback 
D is the distortion without feedback 
It can be shown that the gain-bandwidth product of an 
amplifier is a constant (for a given transistor) by multiply- 
ing Eqs. 29-17 and 29-19: 


Ave = a (29-17) 
uv 1-H, : 
BW, = BW(1 — KA,) (29-19) 
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Commercial audio amplifier. (Courtesy of Mcintosh Laboratory, Inc.) 


A 


Arye x BW; = BAD x BW(1 — kA,) 


or Ay xX BW; = A, X BW (29-21) 


where: Ayr X BW, is the gain-bandwidth product with 
feedback 

A, X BW is the gain-bandwidth product without 
feedback 

This important equation shows that the bandwidth 

can only be increased to a higher value (BW,) at the 

expense of a corresponding reduction in gain to a lower 

value (A,,). 





EXAMPLE 29-6 


A single-stage CE amplifier has an output of 6 V p-—p 
when a 100-mV p-p input is applied. The amplifier’s in- 
put resistance is 2 kQ; its bandwidth is 10 kHz; and its 
distortion is 6%. After 15% negative feedback is intro- 
duced to the amplifier, calculate: 

a. The voltage gain. 


b. The input resistance. 

c. The bandwidth. 

d. The distortion. 

e. The gain-bandwidth product. Compare this with the 
gain-bandwidth product before feedback. 


Solution 
a. A, = (29-12) 
Vj 
_-6Vpp__ 
 0.1Vp-p ica 


(The negative sign indicates the inherent phase in- 
version of a single-stage CE amplifier.) 


Ags (29-17) 
1 — kA, 
_ ~60 Oe 
1 — 0.15 x (-60) 1+9 
b. Ry = R(1 — kA,) (29-18) 
= 2kQ(1 —0.15 x (—60)) 
= 2kQ(1 + 9) = 20kO 
c. BW, = BW(1 — kA,) (29-19) 


NEGATIVE FEEDBACK 


10 kHz (1 — 0.15 x (-—60)) 
= 10 kHz (1 + 9) = 100 kHz 


D 
d. D; 1 _ kA, (29-20) 
_ 6% . 0%. . nme 
~ 1-—0.15(-60) 1+9 ee 
e. Gain-bandwidth product = A, x BW, (29-21) 


= (—6) x 100 kHz 
= —600 kHz 
Before feedback, gain-bandwidth 


product = A,Bw 
= (—60) x 10 kHz 
= —600 kHz 


Introduction of Negative 
Feedback in a CE Amplifier 


29-8.2 


Figure 29-17 shows how ac negative feedback can be in- 
troduced in a CE amplifier by not bypassing all of the 
emitter resistor. Note that this circuit is essentially the 
same as that of Fig. 29-12, with only a portion of the 
emitter resistor shunted by the capacitor. The unshunted 
portion of R, is R,; in Fig. 29-17. 

Such shunting causes an ac voltage to be developed 
across R,; instead of the entire emitter resistor R,. (The 
circuit acts exactly as Fig. 29-13 using Eq. 29-16.) The 
voltage across R,, directly subtracts from the input voltage 
(v;), reducing the base-emitter input voltage and thus the 
output (v,). That is, 


(29-22) 


Vbe = Vi _ VRoy 
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Note the similarity of Eqs. 29-22 and 29-16. 
It can be shown that the amount of voltage fed back is 
given by 


a 


k = 29-23 
R, ( ) 





where: k is the feedback factor, dimensionless 
R,, is the unbypassed emitter resistor, in ohms (Q) 
R, is the total ac load resistance equal to Rc || R;, 
in ohms 
Since the voltage gain (A,) of a CE amplifier is negative 
(phase inversion), the product kA, is negative, producing 
negative feedback in this case. 


EXAMPLE 29-7 


A CE amplifier with a 1.5-kQ collector resistor has an 82- 

Q, resistor in the emitter circuit. When R, is completely 

bypassed, the amplifier has an input resistance of 1.2 

kQ.. Given that the transistor’s B is 100, calculate: 

a. The amplifier’s voltage gain (without feedback). 

b. The voltage gain when the emitter bypass capacitor 
is not connected (with feedback). 

c. The new voltage gain, with feedback, when a 1-kO, 
load, R,, is added. 


Solution 


(29-13) 


FIGURE 29-17 

Showing how negative 
feedback can be introduced in 
a CE amplifier due to the 
unbypassed portion of the 
emitter resistor, R.;. 
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Ro = Ro, Ay = —100 x 7 = —125 
R, R 
b k= =— (29-23) 
Oo C 
82 0 
ah ae 0.055 (5.5%) 
Ay 
Ay = 1_ KA, (29-17) 
_ —125 = 125 — 
~ 1 — 0.055 x (-125) 1+ 6.88 
= —15.9 


c. With R, = 1 kQ added, the voltage gain without 
feedback is changed because RF, is now 

Ro X Ri, 

Ro = Re || Ri = Ro + R, 
— 1500 © x 1000 0 
~ 1500 2 + 1000 0 
The new voltage gain without feedback is given by 
Ro 


(6-10) 


= 600 2 





Ro 
= Aim ~ Pp 29-1 
A, = Arp ~ — BR (29-13) 
600 
= —100 x 12000 —50 
The new feedback factor is 
R 
— —£ 20- 
k R. (29-23) 
82 0 " 
= B00 0.137 (13.7%) 
The new voltage gain with feedback is 
Ay 
Ave = 1—KkA, (29 17) 
—50 —-50 _ 6.4 


~ 7 — 0.137 x (-50) 1+685 


29-9 POSITIVE FEEDBACK 


Example 29-8 shows the effect of increasing the amount 
of positive feedback in an amplifier until the loop gain 
(kKA,) equals one. 





EXAMPLE 29-8 


An amplifier has a voltage gain of 40 without feedback. 
Determine the voltage gains when positive feedback of 
the following amounts is applied: 

a. k = 0.01. 
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b. k = 0.02. 
c. k = 0.025. 
Solution 
a Ace x (29-17) 
4 40 
“7Ten ena 
b. Ay = > (29-17) 
- sas w = 5p 7 200 
c. Ay = “a (29-17) 
40 40_, 


~ 1 — 0.025 x 40 





Equation 29-17 suggests that the gain will be infinite 
when the loop gain reaches the critical value of kA, = 
+1. Of course, the output voltage cannot be infinite—the 
amplifier will stop amplifying and start oscillating. That is, 
Eq. 29-17 no longer holds and an output voltage will de- 
velop without the need for any separate input. If the feed- 
back path contains a frequency selective network, the re- 
quirement that kA, = 1 is met at only one frequency. 
Sinusoidal oscillations result, and you have a sine wave 
oscillator. 


29.9.1 Wien Bridge Oscillator Circuit 


A circuit that can produce sine wave oscillations with a 
distortion of less than 1% is shown in Fig. 29-18. 

The cascaded two-stage CE amplifier provides a 360° 
phase shift so that the output (V,) is of the correct phase 
to feed back to the input. However, to ensure stable oper- 
ation at a single frequency, the series-parallel RC network 
is used in the feedback path. It can be shown that V2 is in 
phase with V, only when R = X¢, at which point V, = 
4V,. The amount of unbypassed emitter resistance in the 
first stage can be varied (through negative feedback) to 
provide the correct amount of overall gain so that kA, is 
only slightly greater than one (for minimum distortion). 

Variable frequency operation from 20 Hz to 200 kHz is 
possible through simultaneous adjustment of the two ca- 
pacitors. The frequency of oscillation is given by 


l 
j= 


* oR (29-24) 


SUMMARY 
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FIGURE 29-18 


Variable frequency Wien bridge oscillator. An example of how positive feedback causes 


oscillations. 


where: f is the frequency of oscillation, in hertz (Hz) 
R is the resistance, in ohms ((2) 
C is the capacitance, in farads (F) 


EXAMPLE 29-9 


What is the frequency of oscillation in a Wien bridge os- 
cillator in which R = 10 kQ. and C = 200 pF? 


Solution 


1 
— 29-24 
/ 27RC 2925) 





, 
On x 10 x 10° x 200 x 10°17 F 
= 79.6 kHz 


SUMMARY 


There are many different forms of oscillators. Some, 
designed to produce radio frequencies, use resonant LC 
tank circuits. Examples of these are the Hartley and Col- 
pitts oscillators found in communications transmitters and 
receivers. 

Nonsinusoidal oscillators often produce a square wave 
output. They are referred to as multivibrators and usually 
involve two interconnected transistors that are switched al- 
ternately full-on, then full-off. Timing is accomplished by 
means of the discharging rate of a capacitive circuit. 

It should be noted that many of the amplifying and os- 
cillating functions mentioned in this chapter can be found 
in encapsulated integrated circuits. (Discrete components 
are used, however, where the power levels are very high.) 
Nevertheless, it is often necessary to connect external 
components to these ICs for proper operation. This makes 
a working knowledge of each part of an amplifier a good 
preparation for using ICs. 


1. Bipolar junction transistors may be of either the PNP or NPN type. 
2. The emitter-base and collector-base junctions of transistors can be checked with 
an ohmmeter (the ohmmeter midranges should be used to avoid damaging the 


transistors). 
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3. In normal amplifying action, the emitter-base junction is always forward biased 
and the collector-base junction is always reverse biased. 

4. In either a CB or CE connection, majority carriers are swept across the narrow, 
lightly doped base to the collector. The resulting collector current is controlled by 
a relatively small base current that is the result of the forward-biased, emitter-base 
junction. 

5. The forward current transfer ratio in a CE configuration is called h,, or B (beta) 
and is the ratio of the collector current to the base current; in a CB configuration, 
it is called the hg, or a (alpha) and is the ratio of the collector current to the emitter 
current. 

6. The ratio B ranges from 10 for power transistors up to 500 for small-signal tran- 
sistors; a is usually only slightly less than one. 

7. Alpha can be obtained from beta, using 


8. A CE amplifier involves superimposing an ac signal current on a dc base bias 
current. The corresponding variations in collector current (magnified by an amount 
equal to B) cause an ac voltage to be developed across the collector resistor. This 
output voltage is 180° out of phase with the input signal. 

9. A CE amplifier can be operated from a single power supply and provides both 
current and voltage gain to give the largest power gain. 

10. The power gain can be calculated in decibels using 


Po 
dB = 10 log— 
P; 

11. Most practical CE amplifiers use emitter self-bias and a voltage divider, forward- 
bias circuit to provide bias stabilization. This reduces the problems arising from 
temperature increases. 

12. An amplifier’s frequency response curve shows a drop in voltage gain at low 
frequencies because of circuit capacitances, and at high frequencies due to transis- 
tor junction capacitances. 

13. The voltage gain of an amplifier that uses voltage feedback is given by 





In the above equation: 
a. If kA, is negative, the gain is reduced due to negative feedback. 
b. If kA, is positive, the gain is increased and may cause oscillations. 

14. The beneficial effects of negative feedback include a reduction in distortion, 
greater stability, and an increase in bandwidth. 

15. Negative feedback can be introduced in a CE amplifier by means of an unbypassed 
resistor in the emitter lead. 

16. The frequency of oscillation of a Wien bridge oscillator can be varied by changing 
the two capacitors in the frequency selective network: 


1 


f= atRC 


At this point, the output is in phase with the input, thereby sustaining oscillations 
due to positive feedback. 


SELF-EXAMINATION 


SELF-EXAMINATION 


Answer true or false. 
(Answers at back of book) 


29-1. 


29-2. 


29-3. 


29-4. 


29-5. 


29-6. 


29-7. 


29-8. 


29-9. 


29-10. 


29-11. 


29-12. 
29-13. 
29-14. 
29-15. 
29-16. 
29-17. 
29-18. 
29-19. 


29-20. 
29-21. 


29-22. 


29-23. 
29-24. 


29-25. 


The symbol for a PNP transistor has the arrow on the collector pointing in- 
ward. 

The two-diode equivalent circuit for an NPN transistor has the base-emitter 
diode pointing out and the collector-base diode pointing in. 

The base, emitter, and collector regions must be manufactured with exactly the 
same thicknesses. 

For an NPN transistor an ohmmeter connected from collector to base, positive 
at the collector, will have a high reading. 

A transistor manufactured using the gaseous diffusion technique has similar 
sizes of collector and emitter. 

The reason for connecting the collector to the metal case in a power transistor 
is to help dissipate heat. 

The location of the base terminal in a signal-type transistor is always in the 
middle between the collector and emitter. 

In normal amplifying action, both the emitter-base junction and the collector- 
base junction must be forward biased. 

If the base is open in a CE amplifier, the current that flows in the collector is 
the leakage current called Ico. 

A larger emitter-base forward bias causes more minority carriers to flow from 
the emitter to the collector for either the NPN or PNP. 

The characteristic curves for a common emitter consist of graphs of the collec- 
tor current against the collector-to-emitter voltage with the base current as the 
control. 

If, in a common emitter, the collector current is 15 mA when the base current 
is 50 pA, the transistor’s B is 30. 

If a transistor’s a is 0.99, the base current will be 0.1 mA when the emitter 
current is 10 mA. 

The collector characteristic curves for a common-base are essentially horizontal 
lines with the emitter and collector currents practically equal. 

If a transistor’s a = 0.99, its B = 101. 

If a transistor’s B = 99, itsa = 0.99. 

In a CE amplifier the base dc bias current must be at least equal to the ampli- 
tude of the input ac signal current. 

In a CE amplifier, as the base input current increases, the collector current also 
increases. 

A single supply can be used in a CE amplifier by connecting a resistor from 
the collector supply voltage to the base. 

Input and output capacitors are used for blocking direct current. — 
Phase inversion occurs between the input and output voltages in a common 
emitter. 

A CE amplifier provides current and power gain but no voltage gain. 





A CB amplifier provides both current and voltage gain. 

A bypassed emitter resistor provides bias stabilization due to dc negative feed- 
back. 

Removing the bypass capacitor in a CE amplifier introduces ac negative feed- 
back but still provides dc bias stabilization. 
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29-26. A frequency response curve shows how constant an amplifier’s output is over 
a band of frequencies. 

29-27. A reduction in gain at low and high frequencies is due to capacitive effects 
either in the amplifier circuit or within the transistor itself. 

29-28. The CE amplifier is noted for its high power gain and the CB amplifier for its 
high-frequency capability. —____ 

29-29. Negative feedback is used in an amplifier to increase its voltage gain. 


29-30. The advantages of negative feedback include reduced distortion and reduced 
bandwidth. —____ 

29-31. An oscillator involves positive feedback in which a signal is fed back from the 
output, in proper phase, to the input. 

29-32. Oscillators can be made to produce outputs at different frequencies by varying 
components in the feedback network. 


REVIEW QUESTIONS 


1. Draw the symbol for an NPN transistor and its two-diode equivalent circuit, indi- 
cating the readings of ohmmeters connected across the three pairs of terminals for 
each ohmmeter polarity. 

2. What is the advantage of the collector region’s being physically much larger in 
area than the emitter? 

3. How is a PNP type distinguished from an NPN type in many foreign transistors? 

4. a. In what manner are the emitter-base and collector-base junctions biased in a 

PNP transistor when used in an amplifier? 
b. Does it matter whether it is used in a common base or a common emitter? 

5. a. Why are the leakage currents of a transistor very temperature-dependent? 
b. How are they designated? 

6. Explain how it is possible for current to flow from the emitter to the collector if 
the collector-base junction is reverse biased. 

7. Why does an increase in base current cause an increase in collector current in a 

common emitter? 

Of what is B a measure? How is it related to a? 

9. a. Sketch a CE amplifier circuit with a PNP transistor and indicate clearly the 
polarities of the base and collector supply voltages. 
b. Do the same with a CB amplifier, also using a PNP transistor. 
c. Do you see why a CE amplifier is preferred over a CB as far as supply 
voltages are concerned? 

10. Explain in your own words why phase inversion occurs between the input and 

output voltages in a CE amplifier. 

11. Compare the magnitudes of the input currents in a CB and CE (for the same 

emitter-base voltage) and suggest which has the higher input resistance. 

12. Distinguish between the following notations: 

a. i,, ic, andI¢ 

b. Ug = Ic + Ip) and (ig = ic + ig) 

Cc. Vep and Voc 
13. Describe in your own words the origin of the name ‘‘transistor.’’ 
14. Describe how you would experimentally obtain a transistor’s 


a 


PROBLEMS 
a. ac beta. 
b. dc alpha. 
15. If A; is less than one in a CB amplifier, how is it possible to get any power gain? 


16. a. Sketch the circuit for a PNP CE amplifier with emitter and voltage divider 
bias. 
b. Indicate the polarities of the dc voltages across R», R., and the base-emitter 
junction. 
c. Describe in your own words how this circuit is stabilized against any increases 
in ambient temperature. 
17. In the circuit of Question 16, describe what happens to the collector current if the 
transistor is replaced with one having a much lower value of B. 
18. What factors are responsible for the drop-off in voltage gain at low and high 
frequencies? 
19. Why are f; and f, referred to as half-power frequencies in a frequency response 
curve? 
20. a. Describe why negative feedback, which reduces the output voltage, widens 
the bandwidth of an amplifier. 
b. Sketch the typical frequency response curves of an amplifier before and after 
adding negative feedback. 
21. Why do you think kA, is referred to as loop gain in Eq. 29-17? 
22. Refer to Fig. 29-17. What happens to the following characteristics as the variable 
contact on R, is moved upward? 
a. Voltage gain. 
b. Output distortion. 
c. Frequency response. 
d. Input resistance. 
23. a. If an amplifier has a positive feedback loop, what condition can cause oscil- 
lations? 
b. What are oscillations? 
24. a. In Fig. 29-18, explain why V, is in phase with the input to the first stage. 
b. If asecond stage was not used, what would the feedback network have to do? 
25. Assume that the circuit of Fig. 29-18 is providing oscillations. 
a. Describe what happens to V,, in quantity and quality, as the moving contact 
on R,; is moved downward. 
b. What extreme condition could result? 
26. a. What effect will a reduction of capacitance have on the frequency of oscilla- 
tion in the Wien bridge oscillator? 
b. Could this have been achieved by a similar reduction of resistance? 
c. Why is it preferable to reduce the capacitance and not the resistance? 
PROBLEMS 


(Answers to odd-numbered problems at back of book) 
29-1. Determine the unknown current given the following: 


a. Ip = 300 WA, Ic = 15 mA, Iz =? 
= 10.1 mA, Ic = 9.9 mA, iF =? 
c. Ip = 250 pA, Ip = 25 mA, Ip = ? 


oO 
= 
| 
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29-2. Determine the unknown current given the following: 
a. I; = 6.4A, Ice = 5.9 A, Ip = ? 
b. Ip = 100 mA, Ic = 2.5 A, Ig = ? 
c. Iz = 250mA, Jp = 2.5 mA,I[¢ = ? 
29-3. For the information given in the three parts of Problem 29-1, determine: 
a. The value of 8 for each part. 
b. The value of a for each part. 
29-4. For the information given in the three parts of Problem 29-2, determine: 
a. The value of 8 for each part. 
b. The value of a for each part. 
29-5. For the CE characteristic curves of a silicon NPN transistor given in Fig. 29- 
19, determine By. = pp at the following points: 
a. Ip = 20 pA, Veg = 15 V 
b. Jpg = 100 pA, Veg = 15 V 
c. Ip = 180 pA, Veg = 15 V 
d. Sketch a graph of By, versus Jc, for the three calculated values of Bac. 


Typical collector characteristics 








Common-emitter circuit, base input 
Ao Case temperature (To) = 25°C 
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=) Base microamperes (Ip) = 20; 
FIGURE 29-19 | $l 


Collector characteristics for 0 5 10 15 20 
Problems 29-5 through 29-8. Collector-to-emitter volts (V¢¢) 


29-6. Repeat Problem 5 using Vcg = 2.5 V instead of 15 V. Sketch the curve of Ba, 
versus Jc on the same axes as in Problem 29-5 and comment on the results. 
29-7. Using the CE characteristic curves in Fig. 29-19 determine B,, = hy at Vcr 
= 15 V for various average collector currents from 2 to 35 mA. Sketch a 
curve of B,. versus Ic. 
29-8. Repeat Problem 29-7 using Vcg = 2.5 V instead of 15 V. 
29-9. A transistor’s B = 150. If its base current is 0.15 mA, calculate the collector 
and emitter currents. 
29-10. A transistor’s B = 200. If its collector current is 45 mA, calculate the base 
and emitter currents. 
29-11. The emitter current in a transistor is 3 A. If the transistor’s B = 20, calculate 
the base and collector currents. 
29-12. Find the value of a for the transistors in: 
a. Problem 29-9. 
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b. Problem 29-10. 
c. Problem 29-11. 
29-13. A transistor in the CB connection has its emitter current increased from 15 to 
20 mA. This caused an increase in its base current from 0.32 to 0.48 mA. 
a. Calculate a,.. 
b. Determine £,, in two ways. 
29-14. A transistor in the CE connection has its base current increased from 15 to 20 
wA, Causing an increase in the collector current from 6 to 8 mA. 
a. Calculate hy. 
b. Determine hy in two ways. 
29-15. a. A germanium transistor’s collector current is 51 mA when the base current 
is 0.4 mA. If By, = 125, calculate the transistor’s collector cutoff current 
IcKo- 
b. Why would this be an impractical method for determining a silicon tran- 
sistor’s Ic¢R9? 
29-16. A silicon power transistor has Bg, = 180 and Ic¢g9 = 40 mA. Calculate the 
collector current for the following conditions: 
a. Ip = 0. 
b. Jp = 10 mA. 
c. Ip = 20 mA. 
29-17. A suitably biased CE amplifier circuit, as in Fig. 29-12b, has a transistor with 
B = 125 and Re = 2.2 kQ. An input voltage of 50 mV peak to peak causes 
a 40-wA peak-to-peak variation in the base current. Its 3-dB bandwidth is 15 
kHz with a distortion of 4%. Calculate: 
The peak-to-peak variation in the collector current. 
The current gain, Aj. 
The peak-to-peak output voltage. 
The voltage gain, A,,. 


ee? SS 


e. The input resistance, R; = aa 
base current 
f. The voltage gain, A,, using Eq. 29-13. Compare with part (d). 
g. The power gain, A,, in dB. 
29-18. Repeat Problem 17 using: 
a Re = 3.3 kQ. 
b. B = 100 and Roe = 1kQ. 

29-19. For the amplifier conditions in Problem 17, with Vg; = 0.6 V and J, = 40 

WA, determine: 

a. Vcr. 

b. Vop.- 

c. The value of Rg if Veco = 30 V. 

29-20. Repeat Problem 29-19 using Roe = 3.3 kQ. 

29-21. To provide bias stabilization, a 100-9) resistor (bypassed adequately with a 
capacitor) is placed in the emitter lead of the amplifier in Problem 29-17. 
Calculate the value of Rg to maintain Vgz = 0.6 V, Ig = 40 pA, with Veco = 
30 V. [Compare with Problem 19(c).] 

29-22. If a voltage-divider, R; — Rp», is used instead of Rp to provide forward bias 
for the amplifier in Problem 29-21, what voltage must exist across Ry? 

29-23. An amplifier has a power output of 20 W and a voltage gain of 200 at a 
frequency of 1 kHz. When operated at the extremes of its —3-dB bandwidth 
calculate: 
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a. The power output of the amplifier. 
b. The voltage gain of the amplifier. 
c. The rms output current if the input voltage is 50 mV. 

29-24. Repeat Problem 29-23 using —6 dB instead of —3 dB. 

29-25. An amplifier has a voltage gain of 150. Calculate the new voltage gain for the 
following conditions: 

a. 5% negative feedback introduced. 
b. 10% negative feedback introduced. 
c. 0.5% positive feedback introduced. 

29-26. Repeat Problem 29-25 with voltage gain = 100. 

29-27. For the amplifier in Problem 29-17 assume a 100-Q, unbypassed emitter resistor 
is added as in Fig. 29-17. Calculate: 

The feedback factor, k. 

The new voltage gain. 

The new input resistance. 

The new bandwidth. 

The new distortion. 

The gain-bandwidth product before and after adding the 100-Q resistor. 

The current gain, A;. 

. The new power gain, in dB. 

29-28. Repeat Problem 29-27 using Rc = 3.3 kQ. 

29-29. Repeat Problem 29-27 assuming a 1-kQ, load resistor, R;, is added, as in Fig. 
29-17. 

29-30. If C = 50 pF is the lowest practical value to use in the Wien bridge oscillator 
circuit of Fig. 29-18, determine the value of R and the maximum value of C 
to provide a range of frequencies from 20 to 200 kHz. 

29-31. a. Determine the frequency of oscillation of a Wien bridge oscillator with R 

= 5.1 kQ and C = 500 pF. 
. If V, in Fig. 29-18 is 200 mV, what is the output of the oscillator, V,? 
c. What must be the minimum voltage gain of the two-stage CE amplifier in 
Fig. 29-18? 


Sa ho Roop 


APPENDICES 








COMMON SYMBOLS 
USED IN SCHEMATIC 
DIAGRAMS 


Conductor or wire 





Crossing conductors not connected 


+ 


Connected conductors 


—- 


Shielded single conductor 


on™ 


—————}——_ 


Single cell 
Multiple cell battery 


—||-— 


Alternating current source 


—)— 


Momentary contact push button 


—_—_ 
—_—_—) oO 





Single-pole single-throw switch, SPST 


a il ae 


Single-pole double-throw switch, SPDT 
—_——) i 


640 


Double-pole double-throw switch, DPDT 


— bro 
— 


Incandescent lamp 


—O) 


Neon lamp 


-@- 


Buzzer 


=} 


— [ae 


Loudspeaker 


=n 


Motor 


Generator 


—€en)— 


Circuit breaker 


“oN 
—) i O=—— 


Ground (earth) 


wie 


Chassis 


Ay 


Common return path at same potential 


Antenna 


Y 


Microphone 


IH 


Nonpolarized 
connector (plug) 


oO 


Resistor (fixed) 


WW 


Adjustable resistor (rheostat) 


Potentiometer 
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Capacitor (fixed) 
——| -—— 


Capacitor, variable 


Polarized capacitor 
— (—__ 
Air-cored inductor or coil 


lron-cored inductor 


Adjustable inductor 


mtg 


Variable powdered-iron core inductor 


Air-cored transformer (high frequency) 


——=+ 0000 -— 
SUSI P— 


lron-cored transformer (power) Transistor (NPN) 


Wan (c) 
TTT. — (B) 


Meter (E) 


CG) B = Base 


“Insert one of the following: i = a 


A Ammeter For PNP transistor 


aU cece reverse emitter arrow 


P Wattmeter 
O Oscilloscope 


G Galvanometer Electron tube (triode) 
Amplifier 
Headphones 


ene ap cae 


Relay (SPDT) 


Diode, rectifier ~__¥ = |--— 


or 


Light-emitting diode 


Af ——- 
Sp 


STANDARD 

RESISTANCE VALUES 
FOR RESISTORS WITH — 
VARIOUS TOLERANCES 


+1% 


100 
102 
105 
107 
110 
113 
115 
118 
121 
124 
laf 
130 
133 
137 
140 
143 
147 


150 
154 
158 
162 
165 
169 
174 
178 
182 
187 
191 
196 
200 


642 


+2% 
100 


105 


110 


115 


121 


127 


133 


140 


147 


154 


162 


169 


178 


187 


196 


+5% 


11 


12 


13 


15 


16 


18 


20 


+10% 


10 


12 


15 


18 


+ 20% 
10 


15 


+1% 


316 
324 
332 
340 
348 
357 
365 
374 
383 
392 
407 
412 
422 
432 
442 
453 
464 


475 
487 
499 
511 
523 
536 
549 
562 
576 
590 
604 
619 
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+2% 
316 


332 


348 


365 


383 


407 


422 


442 


464 


487 


511 


536 


562 


590 


619 


+5% 


33 


36 


39 


43 


47 


51 


56 


62 


+10% 


33 


39 


47 


56 





+ 20% 


33 


47 
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*#1% %+2% +5% $$.+10% +20% +1% +2% +5% $.410% +20% 


205 205 649 649 

210 665 

215 215 681 681 68 68 68 
221 22 22 22 698 

226 226 715 719 

232 732 

237 237 750 750 Pgs. 

243 24 765 

249 249 787 787 

ZOO 806 

261 261 825 825 82 82 
267 . 845 

274 274 27 27 866 866 

280 887 

287 287 909 909 91 

294 931 

301 301 30 953 953 

309 976 


NOTE The table shows the significant figures available for each tolerance. Resistors are available 
in multiples and sub-multiples, such as 2.2 Q, 220 0, 2200 Q, and so on. 


AWG CONDUCTOR 
SIZES AND METRIC 
EQUIVALENTS 


Gauge 


0000 
000 


oO 
CONOaF WN + OC OO 


c 


64.4 


Resistance 
Dia. (mil) (2/1000 ft) 
460 0.049 
409.6 0.062 
364.8 0.078 
324.9 0.098 
289.3 0.124 
257.6 0.156 
229.4 0.197 
204.3 0.248 
181.9 0.313 
162 0.395 
144.3 0.498 
128.5 0.628 
114.4 0.792 
101.9 0.999 
90.7 1.26 
80.8 1.59 
2 2 
64.1 2.52 
57,1 3.18 
50.8 4.02 
45.3 5.06 
40.3 6.39 
39.9 8.05 
32 10.1 
28.5 12.8 
25.3 16.1 
22.6 20.3 
20.1 25.7 
17.9 32.4 
15.9 41 
14.2 51.4 
12.6 64.9 


Dia. (mm) 


11.68 

10.40 
9.266 
8.252 
7.348 
6.543 
5.827 
5.189 
4.620 
4.115 
3.665 
3.264 
2.906 
2.588 
2.30 
2.05 
1.83 
1.63 
1.45 
1.29 
1.15 
1.02 
0.912 
0.813 
0.723 
0.644 
0.573 
0.511 
0.455 
0.405 
0.361 
0.321 





(Q/km) 


0.160 
0.203 
0.259 
0.316 
0.406 
0.511 
0.645 
0.813 
1.026 
1.29 
1.63 
2.06 
2.59 
3.27 
4.10 
9.20 
6.55 
8.26 
10.4 
13.1 
16.6 
21.0 
26.3 
33.2 
41.9 
52.8 
66.7 
83.9 
106 
134 
168 
213 
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Resistance Resistance 
Gauge Dia. (mil) (2/1000 ft) Dia. (mm) ((/km) 
29 11.0 81.4 0.286 267 
30 10 103 0.255 Sor 
oO 8.9 130 0.227 425 
32 8 164 0.202 537 
oo TA 206 0.180 676 
34 6.3 261 0.160 855 
35 5.6 329 0.143 1071 
36 5 415 0.127 1360 
37 45 523 0.113 1715 
38 4 655 0.101 2147 
39 3.5 832 0.090 2704 
40 3.1 1044 0.080 3422 





SOLVING LINEAR 
EQUATIONS USING 
DETERMINANTS 


The process of solving a set of linear equations in two or 
more variables can be reduced to a purely mechanical pro- 
cess. 

This process involves writing the coefficients of the un- 
knowns in rows and columns to construct a determinant. 
The following is an example of a2 X 2 determinant: 


4 <5 
3° «7 


A determinant can be ‘‘evaluated’’ as follows. 


a, Dd 
x =a, X bo —-a& X Dy 
ar b, 
cae — =4x 7-3 x (-5) 
= 28 — (-—15) 
= 28 + 15 = 43 


Consider two equations in x and y with known coeffi- 
cients, written in the following form: 


ax + by = cy 
Axx + boy = co 


Cramer’s rule gives the solution for x and y in terms of 
determinants: 


cy by a, Cj 

C2 bo az C2 
x= y= 

a, bd, a, b, 

a, by a, by 


Note that the denominator determinant is the same for 
both x and y, and is formed by writing down the coeffi- 
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cients of x and y in the same order that they appear in the 
original equations. 

The numerator determinant is formed by repeating the 
denominator determinant, but with the coefficients for the 
variables being sought replaced by the constants. Thus, if 
you are solving for x, you replace a, and a, with c, and 
C2, respectively. When solving for y, you replace b, and 
bz with c, and c>, respectively. 


EXAMPLE D-1 


Solve the following equations from Example 10-1. 


2.0lg + 2Alg = 14.5 
Solution 
By Cramer’s rule: 
13.2 2.0 
p= ee BAT _ 13.2 x 2.4 - 2.0 x 145 
e 'lo5 20) 25X21 — 20 x 20 
20 2.1 
_ 27.72 — 29.0 
— 5.25 — 4.0 
— 1.28 
= 4.25 = —1.024 
25 13.2 
ip = oO MMS! _ 25 x 14.5 - 20 x 13.2 
7 1.25 1.25 
36.25 — 26.4 
1.25 


SOLVING LINEAR EQUATIONS USING DETERMINANTS 


Cramer’s rule applies to any number of unknowns. The 
following simple method of evaluating 3 Xx 3 determi- 
nants, however, does not apply to higher orders. Given a 
determinant: 


its value can be found by repeating the first two columns 
and making the indicated products: 


a, b, Cy; ay b, 
ax bz “cy “a3 “b3 


Value = a, X by X 03 + Db) X Cp X 43 + C1 X A X DG 
— a, X bo X cy — D3 X Co X A — C3 X A X OD, 





EXAMPLE D-2 


Solve the following equations from Example 10-2 for /,: 


3/, + Ol. + 2l, — 10 
2l, = Al. + 9/, = 0 
O/, “Tr 9/, _ Al, = —15 
Solution 
10 0 2 
0 -4 9 
—15 9 -4 
I, — 
3 0 2 
2 —-4 9 
0 9 -4 
Numerator: 10 0 2 10 0 
0 -4 9 0 -4 
—15 9 -4 -15 9 
Value = 10 x (—4) x (-4) + 0x9 


x (-15)+2xO0Ox9g 
—(-—15) x (-4) x 2-9x9Q 
x 10 — (-4) x 0 x 0 
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160 + 0 + O — 120 — 810 — 0 
= 160 — 930 = -770 


3 0 2 3 0 
Denominator: 2 —-—4 9 2 -4 
0 9 -4 0 9 


3 x (-4) x (-4)+0+2x2x9 
-0-9x9x3-0 
48 + 36 — 243 = -—159 

—770 


h = =, = 4.84 


Value 


For practice, solve for /2 (— 2.67) and I; (— 2.26). 








EFFECT OF ANGLE ON 

THE VOLTAGE INDUCED 
IN A MOVING 
CONDUCTOR 


Consider a conductor moving at velocity v through a mag- 
netic field B at some angle 0 with the field, as shown in 
Fig. E-1, 

After a period of time At, the conductor has moved a 
distance As. The only part of this distance that contributes 
anything to the induced voltage, however, is the horizontal 
component (As’), which actually cuts the field. The rela- 
tionship between As’ and As obviously has something to 
do with the angle 0. This relationship (See Appendix F) is 
given by 


— = sin 0 
As sin 


For example, if @ is a 30° angle, sin ® = 0.5. This 
simply means that As’ is one-half the distance As. Thus 


As’ = As X sin 8 


Conductor i. 


< SY 
| Ne 


ee = B 


gy ™ u 


FIGURE E-1 
Conductor being moved at velocity v through a 
magnetic field B at an angle 6. 
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! 


As 
Vind — B x J = 
But d A 


A 
=BX1x = x sin® 


por As 
n —_ = 
At 
Thus Ving = Bly sin 0 = V,, sin 0 


(14-5) 





TRIGONOMETRIC 
RATIOS 


For any right-angled triangle, no matter what its size, the 
ratio of one side to another has a definite value, depending 
only upon the angle 0. 

Consider the triangle shown in Fig. F-1. The side op- 
posite the right angle is called the hypotenuse. As far as 
the angle 0 is concerned, side a is the opposite side and 
side b is the adjacent side. 

The name sine is given to the ratio of the opposite 
side to the hypotenuse in terms of the angle 0. 

opposite side a 
0 = 
hypotenuse Cc 
where sin 9 is an abbreviation for sine 0. 

Similarly, two other common ratios are named: 

adjacent side Db 


cos 8 = cosine 8 = ————_- = -— 
hypotenuse C 


9 = 9 = opposite side a 

ee eager adjacent side ob 
Each of these three ratios, called trigonometric ratios or 
functions, has its own numerical value for any given an- 
gle. Values of these ratios for angles between 0° and 90° 
can be found in trigonometric tables. Alternatively, they 


B 
ce 
go 
We oc q Side | 
opposite @ 
A Cc Right angle, 90: 


b 
Side adjacent to 4 
FIGURE F-1 
Relation of sides to @ in a right triangle. 
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can be obtained on a scientific calculator similar to the one 
introduced in Chapter 1. Table F-1 shows values for some 
common angles. 

This table can be interpreted as follows: If, in a right 
angle, @ is 30°, the side opposite 8 is only half the length 
of the hypotenuse (since sin 30° = 0.5). Similarly, if is 
45°, the adjacent and opposite sides are equal in length 
(since tan 45° = 1). 

Angles between 0° and 90° are called acute angles. All 
their trigonometric ratios are positive. It is also possible to 
consider the trigonometric ratios of angles from 90° to 
360°, called obtuse angles. Some of these ratios are nega- 
tive and do not specifically refer to the side of a triangle. 
That is, although trigonometric functions have been de- 
fined in terms of the sides of a right triangle, alternative 
definitions include angles of any size. For angles greater 
than 360°, the trigonometric ratios are a repeat of those 
from 0° to 360°. 

A scientific calculator gives the trigonometric ratios of 


TABLE F-1 
Trigonometric Values of Some Common Angles 





Degrees lat-Celt-laks 

0 0 0 1.000 0 
30 ; 0.500 | 0.866 0.577 
45 a 6707 | 0.707 1.000 
60 a 0.866 0.500 1.732 
90 = 1000 | 0 00 
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any angle, given in radians or degrees, both in magnitude 
and sign (positive or negative). Thus 


sin 270° = -1 
cos 390° = 0.866 
tan 120° = —1.732 


sin 2 rad = 0.909 


INVERSE TRIGONOMETRIC 
FUNCTIONS 


When the sine (or any trigonometric ratio) of an angle is 
known, it is possible to find the angle itself by using the 
inverse function. 

For example, given sin 9 = 0.5, you can say that @ is 
‘‘an angle whose’”’ sine is 0.5. Mathematically, you would 
express this statement for 6 using the following notation: 


6 = arc sin 0.5 


where ‘‘arc’’ stands for ‘‘an angle whose.”’ 
Another notation used is 


6 = sin !0.5 


where sin’ ' also means ‘‘an angle whose.’’ 
Both of these notations refer to the inverse sine func- 
tion. Note that sin~' does not refer to any reciprocal. 
Since, for this example, you know that the sine of 30° 
is 0.5, then 


§ = arc sin 0.5 = sin ‘0.5 = 30° 


In general, you can obtain the value of an inverse trig- 
onometric function by using a scientific calculator. 

For sin '0.5, enter 0.5 into the calculator, press INV, 
then press SIN. The result is 30° or 0.5236 rad. (Some 
calculators may have a SIN” button.) Note that the angle 
displayed is in the first quadrant. That is, sin150° is also 
0.5. 

Other examples of inverse trigonometric functions are 


® = arc tanl = tan ‘1 = 45° 
6 = arc cos 0.8 = cos ‘0.8 = 36.87° 


TRIGONOMETRIC RATIOS 


FACTORS AFFECTING 
THE AMPLITUDE OF A 
GENERATOR'S SINE 

WAVE 


Refer to Fig. 14-9. 


Voltage induced in each conductor = Bly sin @ (14-5) 





For two conductors A and B in series, Ving = 2 Bly sin 0. 
We need an expression for the velocity, v: 


_ distance traveled 


time taken 
distance traveled by one conductor 
in one revolution 


time for one revolution 


Let b = diameter of the coil. 


distance traveled = circumference of circle of diameter b 


Let n = the speed of rotation of the coil in rev/s. 


Therefore, 


and 


since bl = 
If the coil has N turns, the total voltage induced by the 


coil is 


= ab 


1 
time for one revolution = —s 
n 


Vind = 2 Bly sin 8 
= 2 Blimbn sin 0 
= 27nBA sin 0 


area of the coil, A. 


Ving = 27nBAN sin 0 = V me sin 0 


(14-7) 
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INDUCED VOLTAGE IN 
TERMS OF FREQUENCY 
AND TIME 


A sine wave of voltage can be expressed by the equation 
v = V,,sin 0. The angle @ can be expressed in terms of 
the frequency (f), which is a more readily known quantity, 
as follows. 

Consider a generator with one pair of poles. You know 
that one cycle of voltage corresponds to one revolution or 
360°. (This is also true for any number of pairs of poles if 
you use electrical degrees.) 

The angle ‘‘swept out’’ or passed through by a coil gen- 
erating a voltage of f cycles per second equals 360 f de- 
grees every second. 

If at ¢ = O, the angle (and voltage induced) is zero, 
then at some later time ¢ (in seconds), the angle that the 
coil has passed through, 8 = 360ft degrees. Thus, the in- 
duced voltage is now given by 


v = V,, sin (360ft)° 
But 360° = 27 radians. 
Thus, v = V,, sin 2aft (15-3) 
If you let w = 27 (the angular frequency in rad/s), then 
y = V,, sin wt (15-4) 
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DERIVATION OF THE 
INDUCTIVE REACTANCE 
FORMULA, X, 


Refer to Fig. I-1. 

The voltage induced across the coil will be a maximum, 
Viv When the current is changing at its maximum rate. 
Thus 


1 Ai 
y= L|— 
since L re 
Ai — 
Vn = L Ay = L X initial slope of i curve 


max 


Let us find an expression for the initial slope of the 
current curve: 


Given i = J,,sin 27ft, i = O, when t = 0 
Assume that a short time interval, At, elapses. Then 
i = [,,8in 27fAt 


But if At is small (near zero), 27f At is also small (near 
zero). For this condition, it can be shown that 








sin 2nfAt ~ 2nf At in radians 
7 7 

Try sin 1° = sin {| —~rad } ~ —— 
ry sin sin i302 180 


Thus, for a very small Az, near zero, 
i= 1, sin 27fAt = I,, 2af At 


The initial slope of the i curve is given (see Fig. I-1) by 


doe oe nee 
P run At At eH ln 


Vn = L X initial slope of the i curve 
Vn = LX 20fl, = 2nfLI,, 


The effective voltage across the coil (equal to the supply 
voltage) is 


Therefore, 


V = Von _ 2ufLly 


Vi Vi 


I 
also, J=— 
V2 


FIGURE I-1 
Initial slope of current curve 
equals i/At. 
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Opposition to the ac current, 


27fLI in 








mi | 
< 





X, = 2afL = wl (20-2) 


DERIVATION OF THE INDUCTIVE REACTANCE FORMULA, X, 





DERIVATION OF THE 
CAPACITANCE 
EQUATION WITH AIR 
DIELECTRIC 


The electric field intensity between the two parallel plates 
of a charged capacitor is given by 


V 
E=- volts/meter (V/m) 


d 
where: E is the electric field strength in volts per meter, 
V/m 
V is the potential difference across the plates in 
volts, V 


d is the separation of the plates in meters, m 
The electric field intensity is also given by 


E= a newtons/coulomb, (N/C or V/m) 


where: EF is the electric field strength in newtons per cou- 
lomb, N/C (or V/m) 
o is the charge per unit area on the plates in cou- 
lombs per square meter, C/m” 
€) is the permittivity of free space = 8.85 x 
107? C?/Nm* 


_ charge on one plate @Q 


— = 
Since area of one plate A 





then E= = = g and Q = €AE 
Eo EA 
V 
Also, since E= 7 V=dkE 
_ Q _ EAE 
thus C= Vv dE 


If the dielectric is a material other than air, having a 


dielectric constant K, the capacitance is 


C=K 


EA 


d 


(21-2) 
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OBSERVATION OF A 

TRANSFORMER CORE'’S 
B-H HYSTERESIS LOOP 
USING AN 
INTEGRATING CIRCUIT 


A transformer core’s B-H curve can be observed on an 
oscilloscope using the circuit shown in Fig. K-1. 

The current in the transformer primary develops a volt- 
age across R, that is proportional to the magnetizing inten- 


NI 
sity |H = re. This voltage, connected to the oscillo- 


scope’s horizontal input, deflects the beam proportionally 
to H, 60 times per second. Here, N is the number of turns 
in the primary and / is the length of the magnetic circuit 
of the transformer’s core. If you know the value of R2 and 


R3 
2.5 MQ 
TR95 
R, J 
500 
O ° = U 
HI] | 
. 9 = 
6.3 Vac ei; 
ee ace T_ 
Ho 
Connect to oscilloscope 
horizontal (X-axis) R» 
100 0 
FIGURE K-1 


the peak voltage, the horizontal axis can be calibrated in 
ampere-turns/meter. 
On the transformer secondary, 


cave (22-1) 
i : 
At 
dVvc 
= a (using the differential form) 
1, 
Thus idt = Cdvc and ave = oie 


OV 


Connect to scope 
vertical (Y-axis) 


Oscilloscope 
GRD 


Circuit to observe a Lissajous figure of a transformer’s B-H hysteresis loop. 
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LY, 
or Vo = C | idt 

The integral sign ({) indicates the integrating process 
referred to in Section 22-9.1. 

A minimum value of R3 is approximately 1 MQ. Since 
Xc ~ 30 kQ, the secondary current is determined primar- 
ily by R3: 

Vv ] 
Shen and Ve =~ —— | vdt 
a CRC” 


The capacitor voltage is the integral of the input voltage v. 


But v= Q : 
Therefore, 1 d® 
Vc = =— | N— X att 
R3C d 
N 
"| ag 
R3C 
_ N® 
He 


Since the secondary number of turns (NV) is constant, as 
are R3; and C, the capacitor voltage (v-) is proportional to 
the core flux (®). Also, since A, the cross-sectional area 


. D. 
of the core, is constant, the flux density B = mn is propor- 


tional to ve. 

Thus the oscilloscope beam is deflected vertically pro- 
portional to the flux density (B), resulting in a Lissajous 
figure that is representative of the core’s B-H characteris- 
tics. 

If the horizontal and vertical axes are known for their 
volts/cm deflection, the two axes can be calibrated in At/m 
and in webers/m’, respectively. Also, the core’s permea- 


B 
bility can be obtained quantitatively, using wp = HW 





DERIVATION OF THE 
CAPACITIVE 
REACTANCE FORMULA, 
Xc 


The current will be a maximum, J,,, when the voltage is 
increasing at its maximum rate, at the origin (see Fig. L- 
1). Thus 


Av 
since aan At 
Av — 

In = C i = C X initial slope of the v curve 


max 
Given v = V,,Sin 27ft, v = 0 when 
Assume a short time interval, At. 


v = V,,sin 27fAt 


t= 0 


But if At is small (near zero), 27f At is also small (near 
zero). For this condition, it can be shown: that sin 27fAr 
~ 2nfAt in radians. Thus, for a very small At, near zero, 


v = J,,Sin 2nfAt = V,,27f At 


The maximum initial slope of v curve is given by 


L, 


Ves VU 
bi 


V,,, sin 2af At 
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rise v Vi ,271f At 
slope = — = — = — = 
run At At 
Therefore, [,, = C X initial slope of the v curve 


= C X Inf Vm = 2nfCVm 


; ; I 27fCV, 
Effective capacitor current ] = —= = ——~~ 
‘ 1/2 V2 
Vin 
Also, V= VA 
Opposition to the ac current, 
V Vol V2 
Xo = > = 
I 2anfCV,,/V2 
_ Vm, V2 _ 1 
V2 2nfCV,,  2nfC 
1 1 
Th sg = SS 23-2 
ee C 2nfC wl aoe, 
t 
FIGURE L-1 
Initial slope of voltage curve 
equals v/At. 








TERM 


Admittance 


Alternating current 


Alternator 
Ammeter 


Ampere 


Ampere-hour 


Ampere-turn 


Ampere-turn per 
meter 


DEFINITION 


A measure of the ability of 
a reactive circuit to permit 
the flow of current. The 
reciprocal of impedance. 

A current that continuously 
reverses direction because 
of the continuously 
reversing polarity of an 
alternating voltage. 


An ac generator. 


An instrument used to 
measure electrical current. 
The basic unit of electrical 
current (coulomb per 
second). 

The basic unit of charge 


storage capacity of a cell or 


battery. A measure of the 
capacity of a battery to 
supply current for a given 
period of time. 

The basic unit of 
magnetizing force 
(magnetomotive force) 
caused by current flowing 
through a coil. 

The basic MKS unit of 
magnetizing intensity. 
Magnetomotive force per 
unit length of magnetic 
circuit. 


SYMBOL OR 
ABBREVIATION 


Y 


ac 


Ah 


At 


At/m 


BASIC 
UNIT 


siemens 


ampere 
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TERM 


Amplification 


Amplifier 


Amplitude 


Analog 


Anode 


Apparent power 


Aquadag 


Arc 


Arc tangent 


DEFINITION 


The process of increasing 
the voltage, current, or 
power of an electrical 


A device used to increase 
the voltage, current, or 
power of an electrical signal 
by means of an active 
component, such as a 
transistor or electron tube. 


The maximum 
instantaneous value of an 
alternating voltage or 
current. Peak value. 


A measurable quantity that 
takes on a continuous set 
of values. Nondigital. 


The terminal of a device 
(such as a battery) that 
loses electrons into the 
external circuit during 
normal operation. The 
negative electrode of a 
battery is an anode. 


The power that appears to 
be delivered to a reactive 
circuit, found by multiplying 
the applied voltage and 


A graphite coating on the 
inside of a cathode-ray tube 
for collecting secondary 
electrons emitted by the 


A spark or flash caused by 
a high voltage ionizing a 


An inverse trigonometric 
function meaning “the angle 
whose tangent is.” Also 
called inverse tangent or 


SYMBOL OR 
ABBREVIATION 


>- 


Vine bn 


tan” 


GLOSSARY 


BASIC 
UNIT 


volt, ampere 


VA Volt- 
ampere 


GLOSSARY 


TERM 


Armature 


Atom 


Attenuation 


Audio 


Autotransformer 


Average power 


AWG 


Ayrton shunt 


Bandwidth (3 dB) 


Base 


Battery 


SYMBOL OR 
DEFINITION ABBREVIATION 


In a relay, the moving part 
that is attracted to the 
electromagnet. 

In a generator, the windings 
in which a voltage is 
induced. 

In a motor, the rotating part 
or rotor. 

The smallest particle of an 
element that combines with 
similar particles of other 
elements to form molecules 
and compounds. 

The process of reducing the 
strength of a signal. 

The range of sound 
frequencies detectable by 
the human ear, nominally 
20 Hz—20 kHz. 

A transformer that uses one 
coil for both primary and 
secondary. 

Average rate of energy Px 
consumption. 

American Wire Gauge. A 
table of standard wire sizes 
based on their circular mil 
areas. 

A series interconnection of 
resistors placed in parallel 
with a meter movement to 
provide a multiple-range 
ammeter. 


The range of frequencies BW Af 
over which the output of a 

device does not drop by 

70.7% (or 3 dB) below its 

maximum output. 

The central semiconductor 

region in a bipolar junction 

transistor. 

Two or more interconnected —{I|- 
cells that use a chemical 

reaction to produce 

electrical energy. 


BASIC 
UNIT 


watt 


Hz 
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TERM 


Beta 


B-H curve 


Bias 


Bifilar winding 


Bimetal strip 


Bipolar junction 
transistor (BJT) 


Bohr model 


Branch 


SYMBOL OR 
DEFINITION ABBREVIATION 


The ratio of collector current B 
to base current in a bipolar 
junction transistor. 


A graph showing the 
relationship between flux 
density (B) and applied 
magnetizing intensity (H) for 
a magnetic material. 


The application of a voltage 
or current to an active 
device (such as a 
transistor) to produce a 
desired mode of operation. 


A double winding, 

consisting of two wires QQ 
wound side-by-side to 

reduce inductive effects (in Qh, 
a resistor) or to produce 


close coupling between two 
Coils. 


A strip made of two 
different metals welded 
together, each having a 
different temperature 
coefficient of expansion. 
The strip bends as the 
temperature changes. 


A three-terminal 
semiconductor device with 
a base sandwiched 
between a collector and an 
emitter. Used for 
amplification or switching. 
May be PNP or NPN 
construction. 


A planetary model of the 
atom in which the central 
nucleus, made up of 
neutrons and protons, is 
surrounded by orbiting 
electrons. 


One of the paths for current 
in a parallel circuit. 


BASIC 
UNIT 


dimensionless 


GLOSSARY 


GLOSSARY 


TERM 


Bridge 


Brush 


Capacitance 


Capacitive reactance 


Capacitor 


Capacity 


Cell 


Cemf 


Center tap 


DEFINITION 


Four components arranged 
in a diamond-shaped circuit, 
used for the precise 
measurement of resistance, 
etc. A voltage source is 
applied to one pair of 
opposite corners and a 
galvanometer connected to 
the other pair. 


A carbon or graphite 
structure used to conduct 
current between a 
stationary terminal and a 
rotating commutator or slip 
ring in a motor or generator. 


The property of a capacitor 
to store electrical charge 
and energy. 


The opposition provided by 
capacitance to the flow of 
alternating current. 


An electrical device 
consisting of two metal 
plates separated by an 
insulating material called a 
dielectric. 


The ability of a battery to 
store electrical charge and 
energy. 


A device that uses a 
chemical reaction to 
produce a dc voltage. The 
basic building block of a 
battery. 

Counter (or back) 
electromotive force, 
produced in a motor or by 


an inductance, that opposes 


the applied voltage. 


A connection at the 
midpoint of a transformer’s 
primary or secondary 
winding. 


SYMBOL OR BASIC 
ABBREVIATION UNIT 


C farad 


Xc ohm 


Ah 


volt 


CT 
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TERM 


Charge 


Chassis 


Choke 


Circuit 


Circuit breaker 


Circular mil 


Clamp-on meter 


Closed circuit 


Coefficient 
of coupling 


Coercivity 


SYMBOL OR 
DEFINITION ABBREVIATION 


An electrical property of an Q 
electron (negative) or a 

proton (positive) that can 

cause a potential difference 

to exist between two points 

when excess charges 

accumulate. 

A metal case or frame upon ne 
which an electrical circuit or 

system is constructed. 

Another name for an i, 
inductor or coil, especially 2200 — 
one that chokes or blocks 

high frequencies. 

An interconnection of 

components to form a 

complete path for the flow 

of electrical current. 

A resettable thermal or =f os 
electromagnetic switch that 

opens a circuit when the 

circuit current exceeds a 

selected value. 

The unit of the cross- CM 
sectional area of a wire, 

found by squaring the 

diameter given in mils 

(thousandths of an inch). 

An ammeter to measure 

current by clamping around 

a wire instead of physically 

breaking the circuit. Makes 

use of the magnetic field 

around the current-carrying 

wire for its operation. 

A complete path that 

permits the flow of current. 

The portion of magnetic flux k 
set up by one coil that links 

a second coil. 

A measure of the 

demagnetizing intensity 

(coercive force) needed to 

reduce the residual 

magnetism of a material to 

zero. 


BASIC 
UNIT 


coulomb 


dimensionless 


At/m 


GLOSSARY 


GLOSSARY 


TERM 


Coil 


Common 


Common-base (CB) 
amplifier 


Common-emitter 
(CE) amplifier 


Commutator 


Complex number 


Condenser 


Conductance 


Conductivity 


Conductor 


Continuity 


SYMBOL OR 
DEFINITION ABBREVIATION 
A common term for an 9200 7— 


inductor or the turns of wire 

making up the windings in a 

transformer, motor, or 

similar device. 

A term sometimes used for . 
a common reference point 

or ground (neutral) in an 

electrical circuit or system. 


A junction transistor 
amplifier circuit in which the 
base is common to both the 
input and output. 

A junction transistor 
amplifier circuit in which the 
emitter is common to both 
the input and output. 


Copper segments on the 

rotor of a motor or 

generator that switch 

current at the correct instant 

to generate direct current or 

permit a motor to run from 

a source of direct current. 

A combination of a real and a+ jb 
an imaginary number that M/6 
may be given in rectangular 

or polar form. 


Older name used for a f 
capacitor. ——|— 
The ability of a circuit to G 


allow the flow of current. 
Reciprocal of resistance. 
A measure of the ease with o 
which a material conducts 
electrical current. 
Reciprocal of resistivity. 

A material that allows 
electrical current to flow 
relatively easily, such as 
copper. 

A complete path through 
which current can flow. A 
resistance or impedance 
less than infinity. 


BASIC 
UNIT 


siemens 


siemens/meter 


665 





666 


TERM 


Core 


Coulomb 


Counter emf 
CRT 


Curie temperature 


Current 


Current transformer 


Cycle 


Decibel 


Degree 


Delta 


SYMBOL OR 
DEFINITION ABBREVIATION 


A material (usually 
magnetic) inside a coil that 
concentrates the magnetic 
flux. 


The unit of electrical C 
charge. 


See Cemnf. 
Cathode Ray Tube. 


The temperature at which a 
magnetic material loses all 
its magnetism. 


The rate of flow of electrical | 
charge in a circuit. 


A transformer used to on 
extend the range of an ac 

ammeter by stepping down 

the primary line current by a 

known ratio. 


One complete positive and 
one complete negative 
alternation of a repetitive 
quantity, such as voltage or 
current. 


A logarithmic unit used to dB 
show the power or voltage 

gain of an amplifier, or the 

attentuation of a filter. 


A unit of angular measure 
equal to 1/360th of a 
complete circle or 
revolution. 


A method of connecting a A 
three-phase system so that 

the line and phase voltages 

are equal. A configuration 

of three connected 

components, sometimes 

referred to as a 7 (pi) 

connection. Symbol 

meaning “a change in.” 


BASIC 
UNIT 


ampere 


GLOSSARY 


GLOSSARY 


TERM 


Diamagnetic 
materials 


Dielectric 


Dielectric constant 


Dielectric strength 


Differentiator 


Digital 


Diode 


Direct current 


Dissipation factor 


Distortion 


DMM 


SYMBOL OR 


DEFINITION ABBREVIATION 


Materials that have a 

permeability slightly less 

than that of air and that 

Slightly oppose the setting 

up of magnetic lines of 

force. 

An insulator; usually refers 

to the insulating material 

between the plates of a 

Capacitor. 

The ratio of capacitance K 
with a dielectric to the 
capacitance with air, all 
other variables being held 
constant. A measure of the 
ability of an insulator in a 
capacitor to induce an 
opposing electric field. 

The electric field intensity 
required to cause an 
insulator to break down and 
conduct. 

A circuit that produces an 
output proportional to the 
slope (or derivative) of the 
input. 

A nonlinear process in 
which a variable takes on 
discrete values. 

An electronic device that 
allows current to flow 
through it in only one 
direction. 

An electric current that dc 
flows in only one direction. 

An indication of how much D 
power is dissipated (lost) in 

a Capacitor or coil at a 

given frequency. The 

reciprocal of Q. 

An undesired change in 

output waveform compared 

with input, due to 

irregularities in amplitude, 

frequency, or phase. 

Digital multimeter. 
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BASIC 
UNIT 


dimensionless 


V/m 


dimensionless 


TERM 


Domains 


DVM 


Eddy current 


Effective value 


Efficiency 
Electric field 


(intensity) 


Electricity 


Electrode 


Electrolyte 


Electromagnet 


SYMBOL OR BASIC 
DEFINITION ABBREVIATION UNIT 


Groups of adjacent atoms 
(10'°-10'”) that respond 
collectively to an external 
magnetic field. 


Digital voltmeter. 


An induced current that 
circulates in a conducting 
core that carries a varying 
magnetic field. 


A measure of the heating Vor volt 
effect of a varying voltage lett ampere 
or current. Also known as 

the rms or root-mean- 

square value. 


The ratio of output power 1 % 
(or work) to input power (or 

work), generally expressed 

as a percentage. 


A region near a charged Ee Vim 
body where a force is N/C 
exerted on another 

electrically charged body. 


A form of energy due to 
electric charges at rest 
(static electricity) or in 
motion (current) that can be 
transmitted through wires to 
produce effects of heat, 
light, motion, sound, etc. 


A conductor or terminal, 
usually metallic, through 
which an electric current 
enters or leaves. 


A solution or paste capable 
of conducting an electric 
current because of its 
dissociation into positive 
and negative ions, as ina 
voltaic cell (battery). 


A magnet produced by 
passing current through a = 
coil of wire wound on a soft 

iron core. 


GLOSSARY 


GLOSSARY 


TERM 


Electromotive force 


Electron 


Electronic 


Electrostatic force 


Element 


Emitter 


Energy 


Equivalent circuit 


Exponent 


Farad 
Feedback 


Ferromagnetic 
materials 


SYMBOL OR 


DEFINITION ABBREVIATION 


The open circuit voltage emf 
produced by an electrical 

source (such as a battery or 

generator), that causes 

current to flow ina 

complete circuit. 


Negatively charged particle 
of an atom. 


Related to the control and 
movement of electrical 
charges through 
semiconductor and vacuum 
tube devices. 


The force of attraction or 
repulsion between 
stationary charged bodies. 


A substance composed 
entirely of one type of atom. 


One of the three terminals (E) 
of a BJT that emits the 
majority carriers. 


The ability or capacity to do W 
work. 


A circuit that represents a 
more complicated circuit, 
but permits easier analysis. 


The power of a number, 
indicating how many times 
that number should be 
multiplied by itself. 


The unit of capacitance. F 
The process of returning 

some of the output of a 

circuit (Such as an amplifier) 

back to the input. May be 

positive or negative. 


Materials that have a 
permeability hundreds of 
times greater than that of 
free space, resembling the 
magnetic properties of iron. 


BASIC 
UNIT 


volt 


joules 
ft Ib 





670 


TERM 


Field 


Field winding 


Filter 


Fluorescent lamp 


Flux 
Flux density 


Free electron 


Frequency 


Fuel cell 


Full-wave rectifier 
circuit 


SYMBOL OR 
DEFINITION ABBREVIATION 
A region in which a force is 
exerted on a static charge 
(electric field), or on a 
moving charge (magnetic 
field), or on a mass 
(gravitational field). 
A coil in a motor or 
generator used to set up a 
magnetic field. 


A frequency selective circuit 
that passes certain 
frequencies and rejects all 
others. 

A device that produces a 
source of light that is the 
result of ultraviolet energy 
making a phosphor powder 
fluoresce (glow). 

The lines of force ina 
magnetic or electric field. 
The amount of flux per unit 
cross-sectional area. 

A valence electron that has 
acquired enough energy to 
break away from its parent 
atom, and thus is free to 
move at random through 
the atoms of the given 
material. 

The number of times a f 
varying quantity goes 

through a complete cycle of 

variation in one second. 

A chemical reaction, aided 

by a catalyst, in which 

electrical energy is 

produced directly, using a 

process that is the reverse 

of electrolysis. 

A diode circuit that uses 

both positive and negative 

alternations of an 

alternating current to 

produce a direct current. 


pf 


BASIC 
UNIT 


hertz 


GLOSSARY 


GLOSSARY 


TERM 


Function generator 


Fuse 


Gain 


Galvanometer 


Gauss 


Gaussmeter 


Generator 


Germanium 


Giga 


Ground 


Hall emf 


Harmonic 


Henry 


DEFINITION 


A piece of electronic 
equipment that is capable 
of producing several 
waveforms, such as sine, 
square, pulse, and 
triangular. 

A thermal protective device 
that opens, when current 
becomes excessive, to 
disconnect a circuit from the 
source. 


The ratio of the output of an 
amplifier to the input, in 
terms of voltage, current, or 
power. 

An electrical instrument 
(ammeter) used to detect 
(measure) very small 
amounts of direct current. 
The cgs unit of magnetic 
flux density. 

An instrument (fluxmeter) 
used to measure magnetic 
flux density. 

A machine that converts 
mechanical energy into 
electrical energy (ac or dc). 
A semiconductor material 
used to make diodes and 
transistors. 

A prefix used to designate 
10°. 

A common or reference 
point in an electrical circuit 
that can be a chassis or 
earth ground. 


The voltage produced 
across the edges of a 
semiconductor strip that is 
carrying a current and 
located in a magnetic field. 
An integral multiple of a 
fundamental frequency. 
The unit of inductance. 


SYMBOL OR 
ABBREVIATION 


IR ) 


BASIC 
UNIT 


dimensionless 


671 


672 


TERM 


Hertz 


Heterodyne 


Hole 


Horsepower 


Hydrometer 


Hypotenuse 


Hysteresis 


Impedance 


Incandescent lamp 


Induced voltage 


Inductance 


Induction motor 


Inductive reactance 


SYMBOL OR 


DEFINITION ABBREVIATION 


The unit of frequency. One Hz 
cycle per second. 

The process of beating or 

mixing two signals of 

different frequencies. 

A positive charge carrier 

(majority) in a P-type 

semiconductor. The space 

left in an atom’s valence 

shell by a departed electron. 

Unit of power in the English hp 
system. 1 hp = 550 ft Ib/s 

= 746 W. 

A device used to measure 

specific gravity. 

The longest side of a right 

triangle that is opposite the 

90° right angle. 

A lagging of the magnetic 

flux in a magnetic material | | 
behind the magnetizing 

force that is producing it. 


The total opposition to the Z 
flow of alternating current in 
a circuit containing 
resistance and reactance. 
A device that produces light 
as a result of heating a 
filament to a white-hot 
incandescence. 

Voltage induced in a coil as Vind 
a result of a changing 

magnetic field. 

The property of an inductor L 
to oppose any change of 

current through it. 

An ac motor in which a 

rotating magnetic field, 

produced by current in the 

stator windings, induces 

current in the rotor, 

resulting in a rotating 

motion. 

The opposition that X, 
inductance offers to an 

alternating current. 


BASIC 
UNIT 


ohm 


volt 


henry 


ohm 


GLOSSARY 


GLOSSARY 


TERM 


Inductor 


Infinite 
Input 


Instantaneous value 


Insulator 


Integrated circuit 


Integrating circuit 


Internal resistance 


lon 


lron-vane meter 


Joule . 


Kilo 


Kilowatt-hour 


Kirchhoff’s laws 


DEFINITION 


A coil or choke having the 
property of inductance. 


Having no bounds or limits. 


The voltage, current, or 
power applied to a circuit. 


The value of a variable 
quantity at a given instant 
of time. 


A material that does not 
conduct electrical current. 


A circuit in which all 
components and their 
interconnections are 
fabricated on the same chip 
of semiconductor material. 


A circuit that produces an 
output that is proportional to 
the mathematical integration 
of the input. A summation 
device. 


The resistance contained 
within a voltage or power 
source, such as a power 
supply, battery, or amplifier. 
An atom that has an excess 
or deficiency of electrons. 


An instrument that uses a 
moving iron vane and a 
stationary coil to measure 
low-frequency ac voltage 
and current. 


The unit of work and energy 
in the MKS system. 


A prefix used to designate 
10°. 

A common unit of energy 
used by power companies 
to compute electricity usage 
bills. 

A set of laws that describes 
how voltage and current are 
distributed throughout an ac 
or de circuit. 


SYMBOL OR BASIC 
ABBREVIATION UNIT 


2200 — 


r ohm 


kWh 
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674 


TERM 


Knee 


Lag 


Laminated core 


Lead 


Lenz’s law 


Linear 


Line of force 


Load 


Logarithm 


Loop 


SYMBOL OR 
DEFINITION ABBREVIATION 


An abrupt change in slope 
between two relatively 
straight segments of a 
curve. 


A condition that describes 
the delay of one waveform 
behind another in time or 
phase. 


A core built up from thin 
sheets of metal (often 
insulated from each other) 
and used in transformers, 
relays, motors, and other 
devices operating from an 
ac supply. 


A condition that describes 
how one waveform is ahead 
of another in time or phase. 
Also, a wire or cable 
connection. 


A law which states that the 
polarity of induceca emf is 
always such as to oppose 
the cause that created it. 


A relationship between two 
variables in which one is 
directly proportional to the 
other. A straight-line 
relationship. 


A line drawn to represent 
the direction of a force in an 
electric or magnetic field. 


A device that converts 
electrical energy into 
another form, such as heat, 
light, or motion. 


The exponent to which a log 
base number must be 

raised to equal a given 

number. (l0g;9 100 = logio 

10° = 2) 


A closed path in a circuit. 


BASIC 
UNIT 


GLOSSARY 


GLOSSARY 


TERM 


Magnet 


Magnetic 


Magnetic circuit 


Magnetic core 


Magnetic field 


Magnetic field 
strength 


Magnetic flux 
Magnetic flux 
density 


Magnetize 


Magneto 


Magnetomotive 


force (mmf) 


Magnitude 


DEFINITION 


A magnetized material that 
aligns itself with the earth’s 
magnetic field and attracts 
magnetic materials. 
Related to magnetism; 
north and south poles and 
their associated lines of 
force. 

A complete circuit for 
establishing magnetic lines 
of force. 

A form or frame made from 
those materials (iron, nickel, 
cobalt, and certain alloys) 
that can be magnetized. 


A region in which a force of 
attraction is exerted on a 
magnetic material or on a 
moving charge. 

The magnetomotive force 
per unit length of magnetic 
circuit. Also Known as 
magnetizing force, magnetic 
field intensity, or 
magnetizing intensity. 
Magnetic lines of force. 
Magnetic lines of force per 
unit area. Also known as 
magnetic induction. 

To make a magnetic 
material act as a magnet by 
aligning its magnetic 
domains. 

A generator that produces 
alternating current using a 
permanent magnet. 

The magnetizing force 
produced by current flowing 
through a coil of wire 
wrapped around a magnetic 
core. 

The size of some electrical 
quantity, such as voltage or 
current, without regard to its 
phase angle. 





SYMBOL OR 
ABBREVIATION 


BASIC 
UNIT 


At/m 


webers 
Wb/m? or 
teslas 


At 


675 


676 


TERM 


Maximum power 


transfer 


Maxwell 
Mega 


Megger 


Megohm 
Mesh 


Meter loading 


Micro 
Milli 


Milliammeter 


Modulation 


Multimeter 


Multiplier 


DEFINITION 


A circuit condition in which 
the load resistance equals 
the source resistance (dc), 
or where the load 
impedance is the conjugate 
of the source impedance 
(ac), causing maximum 
power to be transferred 
from source to load. 

The cgs unit of magnetic 
flux. 

A prefix designating 10° (1 
million). 

A portable, hand-operated 
high-voltage dc generator 
used as an ohmmeter to 
measure insulation and | 
other high resistances. 
One million ohms. 

An arrangement of current 
loops in a circuit. 

A change in circuit 
conditions caused by the 
finite resistance of a meter 
when connected to that 
circuit to make 
measurements. 


A prefix designating 10° (1 


millionth). 


A prefix designating 107° (1 


thousandth). 
An ammeter that measures 


current in thousandths of an 


ampere. 

The process of varying the 
amplitude (AM), frequency 
(FM), or phase (PM) of a 
carrier wave using a signal 
such as audio or video to 
convey information. 

An instrument designed to 
measure two or more 
electrical quantities. Often 
portable. 

A resistor used to extend 
the voltage range of a 
meter movement. 


SYMBOL OR 
ABBREVIATION 


Mx 


MQ 


BASIC 
UNIT 


ohm 


GLOSSARY 


GLOSSARY 


TERM 


Mutual inductance 


Nano 


Negative charge 


Neutral 


Neutron 


Nodal analysis 


Node 


Nonlinear 


Norton equivalent 
circuit 


Nucleus 


Null 
Oersted 
Ohm 


Ohmmeter 


DEFINITION 


The inductance between 
two separate coils that 
share a common magnetic 
field. 


A prefix designating 10~°. 
A body or terminal that has 
an excess of electrons 


compared to a neutral state. 


The common or grounded 
wire in a single or three- 
phase system. 

The electrically neutral 
particle of an atom. It 
carries no electrical charge, 
but has a mass equal to 
that of a proton. 

A method of analyzing a 
network in which total 
current entering a node is 
equated to the total current 
leaving the node. 

A junction in a circuit where 
current divides into different 
paths. 

A scale that has unequal 
divisions for equal 
increments. A device that 
produces an output that is 
not directly proportional to 
the input. 

A current source in parallel 
with a resistance 
(impedance) that is 
equivalent to a given linear 
network. 

The central part of an atom 
that consists mainly of 
protons and neutrons. 

A zero or minimum. 


The cgs unit of magnetizing 
intensity. 
The unit of resistance. 


An instrument that 
measures resistance. 


SYMBOL OR BASIC 
ABBREVIATION UNIT 


M henry 
n 
In Rn 
Oe At/cem 
Q 


677 





678 


TERM 


Open circuit 


Oscillator 


Oscilloscope 


Output 


Overload 


Parallel 


Parallel resonance 


Paramagnetic 
materials 


Peak value 


Period 


Periodic 


Permeability 


SYMBOL OR BASIC 
DEFINITION ABBREVIATION UNIT 


A circuit with an incomplete 
path for current. Infinite 
resistance. 

A circuit that uses positive 
feedback to produce an 
output without an external 
input signal. 

An instrument that displays (0) 
on its screen the manner in 
which a waveform varies 
over time. 

The voltage, current, or 
power developed by a 
circuit in response to an 
input. 

A load that draws more 
than the rated current or 
power. 


A connection of two or 

more components that 

operate from the same 

voltage. 

A condition in a parallel 

RLC circuit in which the 

circuit impedance is 

resistive and a maximum, 

causing the applied voltage 

and current to be in phase. 

Materials that have a 

permeability slightly greater 

than that of free space (air) 

and slightly aid the setting 

up of magnetic lines of 

force. 

The maximum value of a Vp volt 
waveform, equal to the Ip ampere 
amplitude for symmetrical 

alternating waveforms. 

The time required for a T Ss 
periodic waveform to 

complete a full cycle. 

A variation that repeats at 

definite time intervals. 

A measure of the ease with Mv Wb/At-m 
which magnetic lines of 

force can be established in 

a material. 


GLOSSARY 


GLOSSARY 


TERM 


Permittivity 


Phase angle 


Phasor 


Photovoltaic cell 


Pico 
Piezoelectric 


Polarity 


Polarization 


Pole 


Polyphase 


Positive charge 


Potential 


Potential difference 


DEFINITION 


A measure of the ability of 
a material to permit an 
electric field to be 
established in that material. 
An angle that shows the 
displacement of a time- 
varying waveform from 
some reference. 

A line drawn to represent a 
time-varying waveform in 
magnitude and phase 
angle. 

A silicon PN junction that 
produces voltage from light 
energy. A solar cell. 

A prefix designating 10° '*. 
The production of voltage 
by applying pressure to a 
crystal. 

Refers to the negative and 
positive terminals in an 
electric circuit or the north 
and south poles of a 
magnet. 

The collection of hydrogen 
gas around the electrode of 
a discharging cell, or the 
distortion of the path of 
orbiting electrons in the 
dielectric of a charged 
Capacitor. 

The regions of a magnet 
where the flux lines are 
concentrated. An electrode 
of a battery. 

A circuit or supply that uses 
more than one phase of 
alternating current. 

A body or terminal that has 
a deficiency of electrons, 


compared to a neutral state. 


The ability to do work with 
respect to some reference. 
A measure of how much 
work may be done to move 
an electrical charge 
between two points. 


SYMBOL OR 
ABBREVIATION 


0, 


679 


BASIC 
UNIT 


C?/Nm? 


degree 
radian 


volt 


volt 


680 


TERM 


Potentiometer 


Power 


Power factor 


Power factor 
correction 


Power supply 


Primary cell 


Primary winding 


Proton 


Pulsating direct 
current 


Quality factor 


Radian 


SYMBOL OR 
DEFINITION ABBREVIATION 
A three-terminal variable 
resistor device used to vary 
=>—\!__o 


voltage. Also, an instrument 

used to make accurate 

voltage measurements. 

The rate of doing work or P 
converting energy from one 

form to another. 

The ratio of a circuit’s true cos @ 
power in watts to the 
apparent power in volt- 
amperes. 

A process by which 
capacitors are connected in 
parallel with an inductive ac 
load to make total current 
drawn from the line more in 
phase with line voltage. 

A piece of equipment that 
supplies voltage and 
current, often variable (ac 
or dc), from the 120-V, 60- 
Hz line or other available 
sources. 

A cell (battery) that cannot 
be recharged to its initial 
state. 

The winding of a 
transformer that is 
connected to the input. 

A positively charged particle 
in the nucleus of an atom. 
A varying direct current that 
periodically returns to zero. 


4 


The ratio of reactive power Q 
to true power in a coil or 

resonant circuit. Used to 

show the amount of 

inductive reactance in a 

coil, compared with its ac 

resistance. 


A unit of angular rad 
measurement. 
Approximately 57.3°. 


GLOSSARY 


BASIC 
UNIT 


watt 


dimensionless 


dimensionless 


GLOSSARY 


TERM 


Range 


Reactance 


Reactive power 


Reactor 


Real power 


Rectification 


Rectifier 


Regulation 


Relative 
permeability 


Relay 


Reluctance 


DEFINITION 


The maximum value that a 
meter is capable of 
measuring. 

The opposition to the flow 
of alternating current 
offered by capacitance or 
inductance (or both). 

The power that is 
alternatively delivered to a 
reactive component or 
circuit and then returned to 
the source. 

Another name for an 
inductor. 

The power that is dissipated 
as heat in a resistor or 
converted to another form. 
Also known as true power. 
The process of converting 
alternating current to direct 
current. 

An electronic device or 
circuit that converts 
alternating current to direct 
current. 

The change in terminal 
voltage of a source from no 
load to full load, expressed 
as a percentage of full load 
voltage. 

The ratio of the permeability 
of a material to the 
permeability of free space 
(air). 

A switching device that 
uses electromagnetism to 
move an armature that 
opens or closes one or 
more contacts; often 
controlled from a remote 
location. 

The opposition that a 
material offers to the 
establishing of magnetic 
flux. 


SYMBOL OR 


ABBREVIATION 


Vieg 


681 


BASIC 
UNIT 


ohm 


var 


henry 


watt 


% 


dimensionless 


At/Wb 





682 


TERM 


Residual magnetism 


Resistance 


Resistivity 


Resistor 


Resonance 


Resonant frequency 


Retentivity 


Rheostat 


Right angle 
Root-mean-square 


Saturation 


Secondary cell 


Secondary winding 


SYMBOL OR BASIC 
DEFINITION ABBREVIATION UNIT 
The magnetism that Wb/m? 


remains in a material after 

the magnetizing force has 

been removed. 

The opposition to the flow R ohm 
of current that converts 

electrical energy into heat. 


The resistance of a specific 0 Q-m 
quantity of a given material. 
An electrical component Ahh 


whose property of 

resistance opposes current. 

A series or parallel RLC 

circuit that, at one 

frequency, has the applied 

voltage and current in 

phase with each other. 

The frequency that causes hertz 
a series or parallel RLC 

circuit to be in a state of 


resonance. 
The measure of the ability Wb/m? 
of a material to retain its T 


magnetism after the 

magnetizing force is 

removed. 

A two-terminal variable 

resistor used to vary wal. 
current. 

A 90° angle. 

The value of direct current rms ampere 
that is as effective in volt 
producing heat as the given 

time-varying waveform of 

current or voltage. Also 

known as the effective 

value. 

A condition in which an 

increase in the driving force 

produces little or no effect, 

as in the saturation of a 

magnetic material. 

A cell (battery) that is {FR 
capable of being repeatedly 

recharged to its initial state. 

The output winding of a 

transformer that is 

connected to the load. 


GLOSSARY 


GLOSSARY 


TERM 


Selectivity 


Self-inductance 


Self-induction 


Semiconductor 


Series 


Series resonance 


Short 


Shunt 


Siemen 


Signal 


SYMBOL OR BASIC 
DEFINITION ABBREVIATION UNIT 


The ability of a tuned circuit 
to respond to a certain 
band of frequencies and 
reject others. Inversely 
related to bandwidth. 


The property of a coil to L henry 
induce a voltage within itself 

because of a changing 

current in the coil. 


The process of generating a 
voltage in a coil or circuit 
because of a changing 
magnetic field within the coil 
or circuit itself. 


A material, such as silicon 
or germanium, that 
generally has four valence 
electrons and a resistivity 
between that of a conductor 
or an insulator (but closer to 
that of a conductor). 

A connection of two or 
more components so that 
there is only one path for 
the flow of current. 


A condition in a series RLC 
circuit where, at that one 
frequency, the impedance is 
a minimum and pure 
resistance exists because 
of equal inductive and 
Capacitive reactances. 


A path of zero or very low 
resistance between two 
points. 


A parallel-connected 
component used (as in an 
ammeter) to divert current 
around a meter movement. 


The unit used for S 
conductance, susceptance, 

and admittance. The 

reciprocal of an ohm. 


A low-level voltage or 
current that is usually time- 


varying. 


683 


684 


TERM 


Silicon 


Sine 


Sine wave 


Sinusoidal 


Skin effect 


Slope 


Solar cell 


Solenoid 


Source 


Specific gravity 


Standard cell 


SYMBOL OR 
DEFINITION ABBREVIATION 
A semiconductor material Si 


used to make electronic 
devices, such as diodes, 
ICs, and transistors. 

In a right triangle, the name sin 
given to the ratio of the side 
opposite a given acute 
angle to the hypotenuse. 
An alternating waveform 
whose instantaneous value 
is related to the 
trigonometric sine function 
of time or angle. 

A waveform having the 
shape of a sine wave. 

The effect that takes place 
at high frequencies because 
of induced voltage, causing 
an alternating current to 
flow near the surface of a 
conductor, whic results in 
an effective increase in the 
resistance of the conductor. 


The steepness of a line or m 
curve given by the ratio of Ay 
rise to run of a tangent line Ax 


drawn to the curve. 

A semiconductor device 
that converts light energy 
directly into electrical 
energy. 

A coil with a movable 
plunger that operates 
because of 
electromagnetism. 

A device that produces or 
converts energy. 

The ratio of the weight of a 
given volume of a 
substance to the weight of 
the same volume of water. 
A cadmium sulfate cell that 
produces a precisely known 
voltage (1.01830 V) used 
for calibrating a 
potentiometer. 


BASIC 
UNIT 


dimensionless 


GLOSSARY 


GLOSSARY 


TERM 
Static 


Steady state 


Superposition 
principle 


Susceptance 


Switch 


Tangent 


Tank 


Temperature 
coefficient 


Tesla 


Thermistor 


Thermocouple 


SYMBOL OR 


DEFINITION ABBREVIATION 


A fixed, nonvarying 

condition; without motion. 

A condition, following a 

transient period, during 

which sudden changes no 

longer take place. 

For any given component in 

a linear multi-emf circuit, 

the total current (or voltage) 

is the algebraic sum of the 

currents (voltages) that 

result from each emf acting 

separately. 

The ability of a purely B 
reactive component to 
permit the flow of 
alternating current. The 
reciprocal of reactance. 
An electronic or electrical 
device used to control the 
flow of current in a circuit. 


In a right triangle, the name tan 
given to the ratio of the side 

opposite a given acute 

angle to the adjacent side. 

A parallel resonant LC 

Circuit. 

A constant specifying the a 
amount of change in the 

value of a temperature 

dependent variable per unit 

change of temperature. 

The MKS unit of magnetic T 
flux density. 

1 T = 1 Wbh/m? 

A semiconductor device 

that provides a large Sa 
change (usually a drop) in 
resistance when its 
temperature increases. 

A pair of dissimilar metals 
joined together so that an 
emf is generated at the 
open ends when the 
junction is heated or cooled. 


BASIC 
UNIT 


siemens 


dimensionless 


per °C 


685 


TERM 


Theta 


Thévenin equivalent 
circuit 


Three-phase 


Time constant 


Tolerance 


Tone control 


Transducer 


Transformer 


Transient 


DEFINITION 


A Greek letter used to 
represent an angle. 


A voltage source in series 
with a resistance 
(impedance) that is 
equivalent to a given linear 
network. 


Three sinusoidal voltages or 
currents displaced from 
each other by 120 electrical 
degrees. 

The time needed for the 
voltage or current in an RC 
or RL circuit to change 
63.2% from the initial value 
to the final value. 

The upper and lower limits 
of variation from the 
component's nominal value. 
A circuit, often using 
variable resistors with 
capacitors, that provides 
emphasis of high (treble) or 
low (bass) frequencies in an 
audio amplifier. 

In electricity and 
electronics, a device that 
converts a variable (Such as 
flow or pressure or 
temperature) to an electrical 
signal; or a device that 
converts an electrical signal 
to a different form of 
energy, such as sound. 

An electrical device that 
makes use of 
electromagnetic induction to 
transfer electrical energy 
from a primary winding to a 
secondary winding, causing 
an increase or decrease in 
the ac voltage. 

A short-lived change in 
circuit conditions from one 
steady state to another. 


SYMBOL OR BASIC 
ABBREVIATION UNIT 


0 degree 
radian 
Rth 
+ 
3h 
7 second 


ii 


GLOSSARY 


GLOSSARY 


TERM 


Transistor 


Tuned circuit 


Turns ratio 


Unity power factor 


Valence electron 


Vector 


Volt 


Voltage 


Volt-ampere 
Volt-ampere reactive 


Voltmeter 


DEFINITION 


A three-terminal 
semiconductor device used 
for amplification or 
switching. May be of the 
bipolar or field effect type. 
A resonant circuit that 
responds to a narrow band 
of frequencies. 

The ratio of the number of 
turns in a transformer’s 
primary winding to the 
number of turns in the 
secondary winding. 


A condition in an ac circuit 
where the inductive and 
capacitive reactive powers 
are equal, causing the 
applied voltage and current 
to be in phase with each 
other. 


An electron that is in the 
outermost shell (orbit) of an 
atom. 

A line drawn to represent a 
quantity in magnitude and 
direction. 

The unit of voltage, 
electromotive force, or 
electrical potential. 

The potential difference 
between two points. A 
measure of the potential 
energy available to move 
charge or a measure of the 
amount of work that must 
be done to move charge 
between two points. 

The unit of apparent power 
in an ac circuit. 

The unit of reactive power 
in an ac circuit. 

An electrical instrument 
used to measure the 
voltage between two points. 


SYMBOL OR 
ABBREVIATION 


cos § = 1 


var 
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BASIC 
UNIT 


dimensionless 


dimensionless 


volt 


TERM 


Voltmeter sensitivity 


Watt 
Watt-hour 
Wattmeter 


Waveform 


Wavelength 


Weber 
Wheatstone bridge 
Winding 

Wiper 


Work 


Wye 


SYMBOL OR BASIC 
DEFINITION ABBREVIATION UNIT 


The ohms per volt rating of S Q/V 
a voltmeter, equal to the 

ratio of the total resistance 

of a voltmeter on a given 

range to the FSD voltage of 

that range. Also equal to 

the reciprocal of the meter 

movement's full-scale 

current for analog 

instruments. 


The MKS unit of power. W 
A unit of energy. Wh 


An electrical instrument —{P)— 


used to measure power. 


The shape of a wave 

obtained when 

instantaneous values of a 

varying quantity are plotted 

against time. 

The distance, usually d meter 
expressed in meters, 

traveled by a wave during 

one complete cycle. 


The MKS unit of magnetic Wb 
flux. 

See Bridge. 

The coil or turns of wire on .Q0Q0Q — 


an inductor or transformer. 


The movable contact in a 
potentiometer or other 
variable device. 


The product of an applied 
force and the distance 
moved by the force. 


A method of connecting a Y 
three-phase system, using 

a common point so that the 

line and phase currents are 

equal. A configuration of 

three connected 

components, sometimes 

referred to as a T (tee) 

connection. 
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TERM 


Zener diode 


DEFINITION 


A diode used with reverse 
bias in the breakdown 
mode where voltage is 
relatively independent of 
current. Used for voltage 
regulation. 


SYMBOL OR 
ABBREVIATION 


— 





BASIC 
UNIT 
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CHAPTER 1 


5.710,00 x 10° 
. 6.45 x 10°° 
_ 2.306 x 10° 
5.7 x 10° 
6.5 x 10° 
2.3 x 10° 
6 x 10° 
-6x 10° 
2x 10° 
479,000 
. 0.001,135 
907.9 
9.84 x 10! 
1.87 x 10° 
_ 2.22 x 10° 
14 
15 
. =2,40 
1-11 a. 34.3 cm 

b. 0.881 m 

c. 201 km 

d. 33.11 


— 
—_— 
- 


1-3 


1-5 


1-9 


BaogtrpogtpeostspogTPpe Ss 


mh © 


CHAPTER 2 


2-1 a. 5.63 X 10° *N 

b. 1.27 X 10° * lb 
2-3 1.56 xX 10'! electrons 
2-5 1.5 V 
2-7 0.33 A 
2-9 12,000 C 
2-11 16,200 J 
2-13 500 s 
2-15 6.25 x 10'* electrons 
2-17 a. 2.5 mA 


— 
I 

— 

Oo 


1-23 


1-25 


1-27 


2-19 


2-21 


2-23 
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pa) 





SppnotpotpotpTPOoTEP TPS 
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- 0.050 A 
- 50,000 pA 


2.5 kV 


. 350 mV 


1.2 kO 


. 750 mQ 


1.5 mQ 

50,000 ps 

0.050 ps 

0.213 ns 

1000 wF 

500 wH 

0.23 mA, 0.54 mA, 0.87 mA 
5.75 mA, 13.5 mA, 21.75mA 
230 mA, 540 mA, 870 mA 
0.35 V, 0.9 V, > 1.5 V ac 
0.23 V, 0.75 V, 1.36 V dc 
7.2 V, 23.8 V, 43 V dc 


. 23 V, 75 V, 136 V ac 


L./ 0, 7.5 0, 35 OD 


. L.7 kQ, 7.5 kQ, 35 KO 


75 pA 

5A 

9.37 x 10-4 m/s 
2.34 x 10°* m/s 
5.86 x 10° m/s 
5.62 cm 

1.41 cm 

0.35 cm 

1.5 kO 


. 4.7 MO 


693 


694 


c. 45 mQ 

2-25 a. 0.667 mS 
b. 0.213 pS 
¢. 22.28 


CHAPTER 3 


3-1 146.7 0 
3-3 6kO 
3-5 2.2 mA 
3-7 306 V 
3-9 0.5 mA 
4-11 1.20 
3-13 a. 3.6 x 10° J 

b. 0.1 kWh 
3-15 83.3% 
3-17 1¢ 
3-19 a. 3.6 x 10°J 

b. 2.78 x 10°’ kWh 
3-21 a. 1.44 kW 

b. 1.93 hp 
3-23 117 V 
3-25 39.8 A 
3-27 7.07 mA 
3-29 26.1 V 
3-31 2W 
3-33 a. 33kO 

b. 5100 


10% 
5% 


CHAPTER 4 


A-1 a. 5.43 x 10°70 
b. 0.136 V 
c. No. 16 
4-3 2.92 x 10°m 
4-5 9.69 x 10° ° m 
No. 7 min. gauge 
4-7 9.89 cm 
4-9 a. 0.625 mm 


CHAPTER 5 


5-1 500 0 

5-3 a. 180 mA 
b. 27 V,54V,9V 

5-5 a. 4.86 W, 9.72 W, 1.62 W 

b. 16.2 W 

a. 11.4 V 

b. —8.6V 

5-9 4kO 

5-11 Ry = 1560 


5-7 
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2-27 a. 250 
b. 2.2 MQ 
c. 1Q 


. 2.2 MQ + 20% 

. 6.80 + 5% 

10 Q + 10% 

124Q, + 1% 

. 3010 OD + 2% 

523 kQ + 1% 

Brn Brn Or Gold 

. Gray Red Brn Silver 
Brn Grn Blue 

. Or Blk Gold Gold 

. Red Viol Yell Gold 
Brn Wh Blu Blk Brn 
Grn Brn Brn Silver Blk 
. Gray Red Grn Yell Brn 
15 kQ 

270 kQO 

5.6 MQ 

237 kO 

365 © 

6.81 0 


3-35 


3-37 


3-39 


STP OTP Tmo Ao TP rw me AO 


b. 0.0417 mm 
4-11 0.239 © 
4-13 18.70 
4-15 363.8°C 
4-17 a. 923 O 
b. No cold inrush current 
4-19 1003.6 Q 


-13 1.25 kQ, 1.25 kO, 2.5 kO, 1.25 kO 


b. 43.3 A 
5-19 100-W lamp: 90 V, 56.25 W 
60-W lamp: 150 V, 93.75 W 
5-21 a. 30.1 mV 
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b. OV 
c. 15.1 mV 
5-23 6.02 WA 
5-25 181 mW 
5-27 6 V, 6 W 
5-29 a. 15 V 
b. 90 0, 60 2 
c —-I5 V 


CHAPTER 6 


6-1 56.88 Q 

6-3 4.03 kO 

6-5 19.70 OD 

6-7 253 W 

6-9 a. 18 V,3 A, 2.25 A, 0.75 A 
b. 108 W 

6-11 a. 48 QO 
b. 690,60 

6-13 4.7 kD 

6-15 8 kQ, 8 kO 

6-17 a. Iggy, = 6.24 mA 


CHAPTER 7 


7.02 kO 

5.7 mA 

2.28 mA 

. 26.8 V 

2.21 mA 

0.98 mA 

4.88 mW 

No. 5 

. 541 W 

6762 W 

680 © 

. 529.40 

600 Q 

4.16 mA; 10.4 mW 
The first 800 2 


~ 
— 
> 


7-3 


7-5 


7-7 


5-33 


6-19 
6-21 


6-23 
6-25 


7-21 


7-23 


7-25 


7-27 


-9V 
0.8 mA 

. +42 V 
—38 V 
0.7 mA 
10.8 mW 
—14.4V 


egcpocpea 


Is) r= 5.76 mA 


b. Pa x _ 1.83 W (2 W) 
Ps; it = 1.69 W (2W) 


500 Q, 25 V 

I, = 13.3 mA 
I, = 10mA 
14.1 V 

I, = 1.707 mA 
I, = 0.776 mA 
I, = 0.517 mA 


b. 7.76 V 
c. 5.6 pA 
a. 300, 1.2 W 
(330 O, 5%, 2 W) 
b. 6.6 V 
e, 13.2 V 
Rz = 1.5 MQ, 1.5 W 
(1.5 MQ, 5%, 2 W) 
Rs; = 83.3 kO, 3 W 
(82 kQ, 5%, 5 W) 
1.895 kV 
a. 8.87 kD 
(9.1 kQ, 5%) 
b. Ps = 7.1 W (10 W) 
P, = 10.2 W (15 W) 
©. 322 V 
36 OY, 5% 
b. 40 
(3.9 Q, 5%) 
c. 2.25 W each 
d. 17.9 V 
e. 13.43 V 


> 


7-29 Rs = 2.5 kQ, 4W 


(2.4kO, 5%, 5 W) 
R, = 8 kQ, 3.2 W) 
(8.2 kO, 5%, 5 W) 
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Rz = 18 kQ, 0.45 W 
(18 kD, 5%, 1 W) 

7-31 R, = Ry = 100 0, 0.64 W 
(100 ©, 5%, 1 W) 
R, = R; = 400 0, 0.36 W 
(390 0, 5%, 1W) 

7-33 V= 19V 
V; =9V 


CHAPTER 8 


8-1 a. 9.38 Ib 
b. 10.62 Ib 
8-3 a. 16.5h 
b. 53h 
c. 87h 
8-5 a. 0.49 O, 283 W 
b. 31.2 O 


CHAPTER 9 


9-1 a.10 mA 
b. 25 V 

715 V 

0.44 W 

40 mA 

0.25 OY 

1.25 0 

0.50 

2.256 V 

. 0.256 0 

9-7 20% 

9-9 11.5 V 

9-11 12ZA 

9-13 a. 24 V, 10 A, 0.04 © 
b. 6 V, 40 A, 0.0025 
c. 12 V, 20 A, 0.01 O 


9-3 


9-5 


ve er? &S 


CHAPTER 10 


10-1 a. 1.55 A recharging 
b. 14.23 A 
c. 12.68 A 
d. 12.68 V 
10-3 a. 180.4 A discharging 
b. 176.8 A 
c. 3.6 A opposite direction 
d. 3.6 V opposite polarity 
10-5 Ir, = 34% mA 
Tr, = 3% mA 
Ir, = 0 
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Vap = —10V 

Ver = 12 V 

Vep =6V 

Vrp = —3 V 
7-35 Ip, = 12 A 

Irn = 8 A 

Vy = 10 V 

c. 5 min 


d. No. Insufficient current 
8-7 a. 30A 

b. 0.05 QO 
8-9 a. 6.2A 

b. 0.24 O 


9-15 a. 12.68 V 

. 0.024 0 

2.92 V 

252 A 

3.81 kW, 2.54 kW 
0.02 0 

300 A 

1800 W 

1.7 hp 

1800 W 

6V 

50% 

. 1.375 O, 46.625 0 
. 14.7%, 85.4% 
46.6 0, 


9-17 


9-19 


Pe TPH m2 OOTP BAO SF 


Ir, = 1AmA 
= 1%4%mA 
10-7 a. Ip, = 2.04 mA 
Ip, = 2.51mA 
1.39 mA 
Ir, = 3.16 mA 
Ir; = 0.65 mA 
b. 1.43 V 
c. 3.3 kD 
10-9 0A 
10-11 a. 3.04 kO 
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b. 4.03 kO 
10-13 Ip, = 3.33 mA 

Ip, = 3.33 mA 
0.01 mA ~ 0 
= 1.66 mA 
1.66 mA 


a 
- eS) 
lll 


Irs 
10-15 OA 
10-17 3.71 A 
10-19 a. 1.52 A recharging 
b. 14.2 A 
c. 12.68 A 
d. 12.68 V 
10-21 3.12 mA 
10-23 0.65 mA 
10-25 3.08 mA 


CHAPTER 11 


11-1 0.6T 
11-3 1.6 x 10°* Wb 
11-5 2.43 A 
11-7 2125 At/m 
11-9 a. 1.35T 
. 750 At 
1705 At/m 
. 7.92 x 10°-* Wb/At-m 
. 630 
11-11 9.66 A 
11-13 a. 1.07 x 10° At/Wb 
b. 1.4 x 107* Wb 
11-15 a. 3.75N 
b. 0.563 N-m 


oA0sc 


CHAPTER 12 


12-1 a. 40.8 © 
b. 0.2 V 
c. 40 0 
12-3 a. 222.2 0, 40.8 Q, 
8.03 QO, 2.002 0, 0.400 2 
b. 0.2 V 
c. 200 0, 40 Q, 
80,20, 0.40 
12-5 a. 0.01 O 
b. 4.98 0 
c. 0.5 W 
12-7 R,; = 1600 2, R, = 3200, 
R; = 800 
12-9 a. R, = 142.10, R, = 15.80 
b. 15.7 QO 
ec. 15.1 0 





10-27 a. 0.186 mA 
b. 0.243 mA 
10-29 5.7 mA 
10-31 66% 0, 37.5 W 
10-33 Vy, = -1V 
Ry, = 00 
10-35 Vy, = 0.77 V 
Rr, = 3.8 kO 
10-37 2.76 mA 
10-39 0.706 A upwards 
10-41 0.5 mA 
10-43 0.15 V 
10-45 All 30 kO 
10-47 2.6 kO 
10-49 0.5 mA, 150 mV 


O.5A 

3A 

6V 

. 114V 

78 W 

420 W 

. 282 W, 0.38 hp 
. 67% 

11-19 384 turns 

11-21 6.52 x 10°* Wb 
11-23 5158 turns 

11-25 11,140 turns 
11-27 0.54 A 


11-17 


So mono ge 


d. 150 
12-11 a. +1 mA 
b. 4to6mA 
14 to 16 mA 
24 to 26 mA 
c. 20% 
6.7% 
4% 
0.682 mA, 1.02 mW 
. 0.469 mA, 0.48 mW 
0.439 to 0.499 mA 
. 0.652 mA 
0.352 to 0.952 mA 
10 kQ, 100 kQ, 500 kO 
. 8kO, 98 kO, 498 kO 
10 kQ/V 


12-13 


12-15 


ogponoge 
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- 500 kO 

10 kQ, 100 kO, 500 kO 
. 8 kO, 90 kO, 400 kO 
10 kQ/V 

500 kO, 

40 pA 

6V 

8.33 V 

9.91 V 

4V 

3.88 V 

0.92 V 


12-17 


12-19 


12-21 


egspaogpacgPp S 


CHAPTER 13 


13-1 a. 1.253 V 
b. —0.047 V 
c. 3.1% 
13-3 a. 113.24 0 
b. 1.1% 
13-5 a. 19.9 kO 
b. 12.5% 
13-7 a. 50.1 0 
b. 10% 
13-9 0, 7.5 kQO, 20 kO, 
45 kQ, 120 kQO, © 
18.7 kO 
. 1.3 kO, too high 
0.2 V 
0 
57 kO, 
0.25 A 
. 125 mA, 25 pA 
. 12.5 mA, 25 pA 
360,40 


— 
iS) 
I 
— 
— 
pas) 


13-13 


monorPpo cs 


CHAPTER 14 


14-1 a. Negative 
b. Positive 
14-3 a. Negative 
b. Positive 
14-5 a. Negative 
b. Positive 
14-7 a. 3.3 X 107° Wb/s 
b. 0.5 Wb/s 
c. 0.9 Wb/s 
d. 4 x 10° Wb/s 
5 x 10°-° Wb/s 


12-23 


12-25 


13-15 


13-17 


13-19 


13-21 


13-23 


13-25 


13-27 


14-11 
14-13 


14-15 
14-17 


14-19 
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0.92 V 
2.93 V 
4.902 V 
4.898 V 
4.46 V 
4.46 V 
4.85 V 


. 9.32 kQ/V 
. 13.87 to 16.37 V 


245 pA 
9% 


x3 kO 


al 


cr 7 ® 


paoTPpRaotTpo ep 


. 45.2 0, 


+ 0.6% 
0.181 A 
104.5 kO 
+3.1% 
55 pA 
320 wW 
104.5 kO 
+3.1% 
18.5 pA 


35.8 pW 
_ 1 + 0.0003 V, 


+ 0.03% 
1 + 0.0012 V, 
+0.12% 


. 2 + 0.003 mA, +0.15% 


9 + 0.01 mA, +0.11% 


. £0.264 kO 
. +£0.032% 


1 T 
b. +1.5 Wb/s, 0, 


Cc. 


+2 Wb/s, —5 Wb/s 
75 V, 0, 
100 V, —250 V 


IS V 


a. 
b. 
c. 
d. 
a. 12.59 


Toy 
10.6 V 
14.8 V 
IS V 
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b. 125 -V¥, — 11.9 ¥, 
10.8 V 
14-21 471 V 
14-23 a. 60 Hz 


CHAPTER 15 


15-1 v = 5sin 40m xX 10°t volts 
2.94 V 

70 V 

140 V 

50 rad/s 

7.96 Hz 

0.126 s 

—18.4 V 

1.82 A 

. 400 Hz 

v = 60 sin 800Tt volts 

i = 1.82 sin 8007Tt amperes 
109 W 

54.5 W 

800 Hz 

5.3 V 

4.95 mA 


15-3 


15-5 


15-7 


15-9 
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CHAPTER 16 


. 26.5 mV 

. 0.53 V 

13.25 V 

L.2) Hz 

, 312.5 Hz 

6.25 kHz 

. 125 kHz 

00 Hz 

. 0.98 mA 

. 2.5 kHz 

v = 4.6 sin 5000Tt volts 
. | = 0.98 sin 5000T7t mA 


— 
. 
pom 
oO 2 


16-3 


16-5 
16-7 


acre nnaaoagcepa 


CHAPTER 17 


17-1 a. 14 A/s 
b. 98 V 
17-3 600 A/s 
17-5 a. 0.13 mH 
b. 23.4 mH 
17-7 0.35 V,O V, -—3 V 
17-9 a. 120 mH 





b. 16.7 ms 
14-25 a. 5.77 V 
b. 199 V 


c. 7.07 mV 

d. 12 A 

. 339'V 

. 679 V 

42.4 A 

4.5 pV 

127.6 V 

74 W 

25 W 

11 mW 

2.27 kO 

5 QO, 3.08 O, 1.47 0 
28.8 W, 17.7 W, 8.5 W 
22.9 V 

18.5 V 

17 kO 

12.3 kO 


a 
Gn 
1 
—_— 
— 
pa) 


15-21 


ay 

- 

—_— 

~] 
Ooparerrorr anand Ss 


16-9 2.65 kO 

16-11 a. 42.4 V 

120 'V 5» 
1.93 mA 

. 0.2 ms 

28 V 

9.33 kO 

5 kO 

3 kO 

2 mA 

. 3.43 mA, 0 V 
O mA, 0 V, 48.6 V,_, 


16-13 


16-15 


b. 10.9 mH 
c. 20 mH in series with a 
parallel combination of 
40 and 60 mH 
17-11 a. 21 H, 9H 
b. 0.4 
17-13 419 wH 
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CHAPTER 18 


18-1 16.3 V 
18-3 a. 32.6A 
&. 7.10 
18-5. a. 9.58 
b. 16A 
c. 0.167 A 
d. 38.4 VA 
18-7 a. 4.8 A 
» do A 
ead 
17.7 V, 0.277 A 
. 6.3 V, 0.782 A 
. 4.9 W 
1.9 W 
18-11 a. 755A 
b. 2523 A 
c. 5000 kW 
18-13 a. 1210 W 


18-9 


CHA TD 


CHAPTER 19 


19-1 a. 1500 A/s 
. 2mA 
1.33 ws 
. 6.7 pws 
48 QO 
. 30 ms 
1.44 H 
0.33 A 
2.4 V 
41.3 ms 
17.5 ms 
0.324 A 
2.2V 
40.2 ms 
d. 17.3 ms 
19-9 0.563 J 
19-11 b. 46 mA 
c. -12 V 
d. 2.8 us 


19-3 


19-5 


19-7 


oTPBOTPO TP AOSD 


CHAPTER 20 


20-1 2.4kO 
20-3 1.19H 
20-5 3.37 MHz 
20-7 a. 0.8 mA 
b. i = 1.13 sin 27 X 10°t mA 
20-9 a. 12 V de 


18-15 


18-17 


18-19 


cP aotPAoTPo ans 


cy 


19-13 


19-15 


19-17 


19-19 


BoTP HE rH mORoTPO TP AOS 


ANSWERS TO ODD-NUMBERED PROBLEMS 


11A 
10.1 A 
O.9A 
8.2% 

40 A 
1725 V 
52.5 kW 
69 kVA 
480 V 


. 4.45 V 


35.6 V 


. 18.9 V 


D to E, use Vor 


. BtoC, Dto F, 


use VAE 


. Bto E, use Var 
. BtoD, Cto€£, 


use Var 


44.6 mA 
—12.14 V 
2.77 Ws 
64 ws 

11 mH 
1.94 V 
2.5 A/s 


. 2.42 ms 


6.1 mA 


. 12.1 ms 


20 V 
122 ¥: 


. 15.3 A/s 
. 0.34 ms 


1.7 ms 
9.32 A 


. 13.38 V 


05.2 ¥ 


. 5.66 A, —56.6 V 


b. 44 mV,_» 


20-11 a. 


b. 


20-13 a. 


b. 


C. 


1 mA 

10 V, 20 V, 30 V 
892 

11.2 mA 
4.3V,5.7V 


ANSWERS TO ODD-NUMBERED PROBLEMS 


20-15 0.36 H, 0.72 H 
20-17 a. 0.128 H 

b. 0.191 H 

c. 0.67 


CHAPTER 21 


21-1 5 pF 
21-3 20 V 
21-5 a. 0.02 pF 
b. 1600 V 
21-7 a. 1.51 x 10°? m’ 
b. 330 V 
21-9 5.08 x 10°? m? 
21-11 6.7 x 10° V/m 
21-13 a. 122 pF 
b. 16 V 
c. 1.95 mC 


CHAPTER 22 


22-1 a. 5000 V/s 

b. 1 mA 

c. 10 nC 
22-3 45 mA, 0, —37.5 mA 
22-5 1818 V/s 
. 0.27 mA 
6V 
25 Ss 
0.2 V/s 
3.15 V 
125 s 
50 mA 
205 wA 
75.7 pA 
167 V 
. 440 s 
22-11 a. 6s 

b. 100 mA 

15 ms 
. 40A 
24 J 
1600 W 
34.4 V 
3.1s 
131 V 
4mA 


22-7 


22-9 


BAoetpeaotPpo ge 


22-13 


22-15 


cP TP HO AO 


20-19 


20-21 


21-15 


21-17 
21-19 
21-21 


21-23 
21-25 


22-17 


22-19 


22-21 


22-23 


22-25 


toa | 


22-29 


. 5.48 kO 
10.9 mA 
1.78 kO 
. 580 0 


ocr om 


6.25: LP 

» Ole pC 
12.5 V 

100 V 
0.00857 F 
. 114.3 V, 85.7 V 
60 WF 

0.0156 J 

32 wF 

a. 484 pF 

b. 6 pF 


cp aoge 


c. 2.3 ms 

d. —2.5 mA 
a. 120 ps 

b. 1.2 pF 

c. 833 Hz 

a. 13.3 kHz 
b. 0.33 V/s 
a. 8.8 V 

b. 0.2 V 

c. 8.9V,0.1 V 
a. 35.3 V 

b. 3.36 s 

a. 132 V 

b. 3.8 mA 

c. 2.26 ms 
d.—2.5 mA 

a. 7.28 V 

b. 2.72 mA 

a. SmA 

b. 77.7 V 

c. 1.12 mA 

d. 7.77 mC 

e. 5.18 mA 

f. 0.5 s 

g. 51.8 V 
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CHAPTER 23 


23-1 575 Q 

23-3 19.9 V 

23-5 1.8 pF 

23-7 a. 1.19 mA 
b. 119 mA 
c. 1LOA 

23-9 82.9 Hz 

23-11 a. 8.62 kQ 
b. 2.78 mA 


CHAPTER 24 


24-5 a. 89.4 V 

. 63.4° 
pee | 

21.8 V 
24.6° 
9.9 mA 
0.4H 
1.2kO 

, or 
1074 0 

. 10.74 V 
21.48 V 
. 2.85 H 
24-11 a. 48.70, 
. 145 mA 
| 
1050 
81° 
159.6 Q 
1037 O 
6.5 
2037 
119 V 
— 62.8° 
41.3 pF 
1.7 kO 
—25.1° 


24-7 


24-9 


aooPr ae or Yo 


eh O 


24-13 


24-15 


24-17 


re Se ee er eS SS 


CHAPTER 25 


25-1 11.90 

25-3 a. 19.1 vars 
b. 19.1 VA 

25-5 175.7 WF 

25-7 69 VA 

25-9 946 VA 

25-11 a. 107.8 W 


23-13 


23-15 


24-25 


24-27 


24-29 


24-31 


24-33 


cP aots ad 


ANSWERS TO ODD-NUMBERED PROBLEMS 


11.1 V, 7.4 V, 5.5 V 
. 0.046 pF 


5.89 kO, 


8.15 mA 


. 0.45 WF 


100 Q 
0.33 


0.954, 0.303 


Oe TPOTPOTPBOTP BO TPAC TD 


R + X° 


(R,; + Ry + X-° 


45.7 kQO 


. 76.6 pA 


Vr = 0.17 V, Vz 
= 87.2 

22.6 kQ 

154.9 pA 

Vr = 0.34 V, Vz 
84.4° 

5.8 WF 

6.85 V 

10 V 


_ 1.8 pF, 21.8 V 


56.4° 
19.9 V 
36 V 
55.3 mA 


. 868 0 


— 43.7° 

2.36 mA 
2.12 kO 
—16° 


. 73.9 vars 
. 130.7 VA 


21.3 W 
26.5 vars 
34 VA 
0.63 

1.1 W 





. 1.81 mA, 2.71 mA, 3.61 mA 


2.31 V, Ve 


9.36 V, Ve 


5.81V 


5.87 V 


ANSWERS TO ODD-NUMBERED PROBLEMS 


b. 1.8 vars 
c. 2.1 VA 
d. 0.52 
25-17 a. 306 W 
b. 111 vars (inductive) 
c. 326 VA 
d.2.7A 
e. 0.94 (lagging) 
25-19 a. 53.1° 
b. 1870 VA 
c. 1122 W 
d. 1496 vars 
a. 11.8 A 
b. 9.2A 
c. 8.3A 
d.92A 
a. 82 pF 


25-21 


25-23 


CHAPTER 26 


26-1 a. 31.8 O capacitive 
12.04 Q resistive 
29.7 O inductive 
b. —67.8°, —4.8°, 66.2° 
c. 0.629 mA, 1.66 mA, 0.673 mA 
d. 7.55 mV, 880 mV, 899 mV 
19.9 mV, 2.35 V, 2.35 V 
8.1 mV, 961 mV, 943 mV 
26-3 1.5005 MHz 
26-5 0.25 WF 
26-7 a. 240 kHz, 260 kHz 
b. 3 mW 
ce. 12.5 
26-9 a. 118 
b. 12.7 kHz 
26-11 54.4 
26-13 a. 37.1 V (rms) 
b. 0.02 WF 
c. 476 Hz 


CHAPTER 27 


27-1 80 + j40 V 
89.4 V /26.6° 
27-3 25 — j40 0 
47.2 O [—58° 
27-5 68 + j75.40 
101.5 O /48° 
27-7 a. 200 /35° 
b. 12.5 /85° 





.o.1A 

0.248 A 

29.8 VA 

12.3 W 

3.1 W 

U2 

25.5 vars 

4.7 WF 

0.13 A, 

Dimmer lamp 

25-27 a. 0.87 
b. 86.7% 

25-29 150 © resistance in 
series with an inductive 
reactance of 531 Q; 
(L = 42 pH) 


25-25 


sma oO AaorPr Ss 


d. 83.3 mW 
26-15 60 to 258 pF 
26-17 a. 142.4 kHz 
b. Ip = 0.2 pA 
I, = Ic = 22.4 pA 
c. 0.2 pA 
26-19 a. 112 
b. 50 kQ 
c. 22.4 pA 
d. 1.27 kHz 
a. 5.6 mV 
b. 1.1 mV 
145.5 kHz 
a. 140.1 kHz 
b. 5.5 
c. 25.5 kHz 
26-27 a. 18.40, 
b 
1 


26-21 


26-23 
26-25 


2.3 O, 136.7 kHz 


26-29 1.8 to 2.6 pF 


c. 0.08 /—85° 
27-9 a. 2.54 A [58° 


b. 63.5 V /58° 
é. 101,6 V f=—32" 
27-11 a. 0.47 A /—48° 


b. 32.2 V /—48° 
c. 35.7 V /42° 
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27-13 a. Capacitive 
b. 240  /—30° 
c. 208 QO, 120 © 
a. 11 + j4 
ib =) =—7ls 
c. > + 718 
27-17 50 + j100 Q, 
112 O /63.4° 
27-19 a. 68 — j24 
b. —0.308 — j0.462 
C1 'sP- 71.3 
a. 6.1 + 713.7 Q, 
14.95  /66° 
b. 1.6 A /—66° 
c. 0.89 A /—68.2°, 
0.72 A /—63.4° 
27-23 a. 2.89 kO /4.8° 
b. 34.6 pA /—4.8° 
c. 92.8 pA /—68.2°, 
83.3 pA /90° 
27-25 a. 11.7 /59° 
b. 7.6 /—66.8° 
c. 10 /—143° 
27-27 14.93 O /66° 
27-29 a. —37.3 + j53.2 


27-15 


21-21 


CHAPTER 28 


10.8 V 
. 72.2 mA 
23 mA 
0.25 W 
34 V 
20 V 
56.6 O 
108 V 
108 mA 
11.7 W 
. 339 'V 
120 Hz 
40 V 
. O.S57A 
216 V 
216 mA 
46.7 W 
339 V 
. 120 Hz 


NO 
a 
— 
© 


28-3 


28-5 


28-7 


28-9 


CAO TPTSOeORBOTEeTPAAD ST 


27-31 
27-33 


27-35 


27-37 


27-39 


27-41 
27-43 
27-45 
27-47 
27-49 


27-51 


28-11 


28-13 


28-15 
28-17 


28-19 
28-21 
28-23 
28-25 


ANSWERS TO ODD-NUMBERED PROBLEMS 


b. 3.7 — jll.4 
c. —18.8 — j6.8 
10.9 Q, 127 pH 

a. 118.5 mA 

. 400 2 /50° 

3.7 W 

0.983 /—10.7° 

. 0.052 | —87F° 

R = 4.3 kO 

VY, = 85 V 

a. 382.7 Q /45.9° 

b. 62.7 mA /—45.9° 
c. 20.7 V /26.4° 
d 
a 


os pos 


. 63.1 mA /—31.2° 
. 4.86 kQ, 15.9 H 
b. 4.85 kO, 38.2 mH 


0.57 pA /—41.6° 
1.74 A /—105.2° 
1.75 A /—105.1° 


0.67 A /26.5° 
R = 232 kQ, C = 0.043 pF 


R, = ’ L, = C R2R3 


281 V 

. 1.58 kW 

294 V 

360 Hz 

12V 

3.4 V 

8.8% 

2.41% 

b. 8.55 V 

1205 pF 

2.5H 

1.3 H, 130 pF 

a. 1440, 0.83 A 
. 84.9 V 

54 V 

. 1020 

70.7 W, 29.3% 
28.6 W 


Pr r er YP 


ho Ao oF 
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CHAPTER 29 


29-1 a. 15.3 mA 

0.2 mA 

24.75 mA 

50, 49.5, 99 

. 0.98, 0.98, 0.99 

125 

172 

. 190 

29-7 AtIc = 2.5 mA, B,. = 146 
AtIc = 17 mA, £,, = 181 
AtI¢ = 32 mA, B,. = 223 

29-9 22.5 mA, 22.65 mA 

29-11 0.143 A, 2.86A 

29-13 a. 0.968 

b. 30.3 

1mA 

. IcKo 1s too small 

5 mA 

(17) 

11 V 

—220 

1.25 kO 

— 220 

44.4 dB 

19 V 

. 18.4 V 

. 740 kO 


29-3 


29-5 


VSP oer Se Se 


29-15 


29-17 


29-19 


OT PIE moO BoeTp op 


29-21 722.5 kO 
29-23 a. 1O W 

b. 141 
1.42 A 
17.6 
9.4 
600 
0.045 
— 20 
13.75 kQ 
. 165 kHz 
0.36% 
— 3300 kHz 
— 125 
34 dB 
0.145 
—6.3 
13.8 kD 
. 165 kHz 
0.36% 
— 1035 kHz 
— 125 
29 dB 
. 62.4 kHz 
. 600 mV 
3 


29-25 


29-27 


29-29 


29-31 


OTP TH MORO TP eH me RO TPO TD O 
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Accelerating anode, 319 
Acceptor atom, 587 
Accuracy: 
FSD, 240, 247 
numerical, 6 
Ac resistance, 402 
Active devices, 9 
Active networks, 168—194 
Addition: 
by geometrical construction, 556 
of instantaneous values, 470 
of sine waves, 470 
vector, 472, 549 
Admittance, 566, 659 
Air-core coils, 339 
Air gap, 224, 235, 383 
Algebra, vector, 555 
Alternating current: 
average value, 307 
effective value, 307 
instantaneous value, 286, 305, 323 
peak value, 305, 323 
sine-wave, 286-289, 302-312, 323 
waveforms, 305 
Alternating-current bridges, 581 
Alternating-current circuits, 466—487 
impedance networks, 568 
parallel, 311, 484-487, 566 
power in, 306, 496-515 
series, 311, 470—482 
simple, 305, 469 
three-phase, 289, 513 
Alternating emf: 
average value, 307 
effective value, 307 
generation of, 286, 289 
instantaneous value, 286, 303, 323 
nature of, 286 
peak value, 287, 305, 323 
sine-wave, 286—290, 305-311, 323 
Alternator, 289, 599, 659 





Amalgamation, 133 
American wire gauge, 62, 118, 644 
Ammeter: 
ac, 327, 329, 363 
clamp-on, 241, 363, 664 
dc, 41, 235-242 
multirange, 15, 237 
Ammeter calibration, 259 
Ammeter loading, 241 
Ammeter shunts, 236 
Ampere, definition, 31, 659 
Ampere-hour, 133, 139, 158, 659 
Ampere-turn, 212, 659 
Amplification, 660 
Amplifier, 622—630, 660 
bandwidth, 625, 627 
bias, 622, 624 
bypass capacitor, 625 
cascaded, 624 
CE, ac; 622 
complementary symmetry, 618 
coupling capacitor, 622 
current gain, 623 
distortion, 622, 627 
feedback, 626 
frequency response, 625 
gain, 623 
gain-bandwidth product, 627 
input resistance, 623, 627 
power gain, 623 
voltage gain, 623 
waveforms, 622 
Amplitude, of sine wave, 287, 651, 660 
Amplitude modulation, 540 
Angle: 
effect of, 285, 648 
impedance, 473 
phase, 394, 453, 471 
power factor, 507 
in radians, 303 
Angular frequency, 304 


Angular velocity, 304 
Anode, 132, 319, 592, 660 
Antiresonance, 532 
Apparent power, 351, 500, 660 
Aquadag, 320, 660 
Arcing, 384, 660 
Armature, 209, 210, 222, 661 
Atom, 661 

acceptor, 587 

Bohr, 30 

donor, 586 

structure, 29 
Audio generator, 324, 382 
Auto transformer, 360, 661 
Average value: 

current, 307, 327, 594, 597 

power, 307 

voltage, 291, 307, 594, 597 
Ayrton shunt, 238, 661 


Back-off scale, 263 

Balanced three-phase load, 513 

Ballast, 397 

Bandwidth, 661 
amplifier, 625, 627 
resonant circuit, 527, 535 

Bass control, 457 

Battery: 
alkaline-manganese, 133 
charging, 137, 140 
construction, 133, 134, 139 
dry-cell, 10, 132 
lead-acid storage, 136-139 
lithium sulfide, 142 
mercury, 135 
nickel-cadmium, 139-141 
paper-thin, 135 
solar, 144 
temperature effects, 133, 137 
Weston standard, 259 
wet-cell, 131, 136 
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Battery (Continued ) 

zinc-nickel oxide, 142 
Bell, 209 
Beta, 574, 662 
BH curves, 214, 225, 656, 662 
Bias, 652 

fixed, 624 

forward, 588 

reverse, 589 

stabilization, 624 

voltage divider with emitter, 625 
Bifilar winding, 387, 662 
Bimetallic switch, 210, 662 
BJT, see Transistors 
Bleeder resistor, 120 
Bonding: 

covalent, 30, 585 

incomplete, 587 
Branch current method, 169 
Bridge, general equation, 581 
Bridge rectifier, 362, 597 
Bridges: 

ac, 581 

impedance, 404 

Maxwell, 581 

Wheatstone, 173, 188, 265-268 
Brownout, 289 
Brushes, 222, 286, 290, 663 
Buzzer, 209 
Bypass capacitor, 625 


Calculator, 5 
Calibration, 259, 322 
Capacitance, 410-423, 663 
in ac circuits, 452-461 
in de circuits, 428-444 
definition, 412 
derivation of formula, 655 
factors governing, 412 
farad, 412 
measurement, 419, 440 
stray, 441 
Capacitive, 429, 480, 486 
Capacitive reactance: 
definition, 453, 663 
derivation of formula, 658 
factors governing, 454 
Capacitive susceptance, 566 
Capacitors: 
basic action, 411 
charging, 411, 430 
checking, ohmmeter, 433 
construction, 417 
definition, 412, 663 
dielectrics, 413-416 
discharging, 411, 433 


electrolytic, 418 
energy stored, 422 
filter, 443 
graphic symbol, 11, 413 
leaky, 418 
parallel, 419, 459 
power factor improving, 511 
series, 420, 458 
smoothing, 443, 600 
types, 416 
typical, 11, 418 
working voltage, 415, 421 
Capacity, 133, 139, 158, 663 
Cathode, 132, 319, 592 
Cell: 
alkaline-manganese, 133 
carbon-zinc, 132 
copper-zinc, 131 
fuel, 143, 670 
gelled-electrolyte, 141 
heavy duty, 135 
lead-acid, 136-139 
Leclanché, 132 
lithium, 135 
lithium sulfide, 142 
maintenance-free, 138 
mercury, 135 
nickel-cadmium, 139-141 
parallel-connected, 157 
photovoltaic, 143, 679 
Planté, 136 
primary, 131-136 
secondary, 136-141 
series-connected, 155 
silver cadmium, 141 
silver oxide, 137 
silver zinc, 143 
sodium-sulfur, 142 
solar cell, 144 
standard cell, 259 
voltaic, 131 
zinc-nickel oxide, 142 
Characteristic curves: 
diode, 591 
transistor, 618 
Charge, electric: 
bound, 587 
in capacitors, 411 
carriers, 33, 586 
coulomb, 26 
definition, 26, 664 
induced, 416 
positive and negative, 25, 33 
uncovered, 588 
Charging current, 138, 140, 411, 430 
Chassis, 664 


INDEX 


Chassis ground, 87 
Chemical energy, 142 
Choke, filter, 396, 602 
Choke coil, 340, 396, 664 
Circuit: 
ac, 10, 311, 467-487 
capacitive dc, 428-444 
coupled, 456 
CR, 430-444 
dc, 10, 75-196 
differentiating, 442 
electric, 9 
electronic, 9 
equivalent, 77, 99, 159, 175, 418, 567 
integrating, 444 
LR, 371-386 
magnetic, 223-226 
magnetically coupled, 351 
main parts, 9 
parallel, 10, 97-105, 311, 419, 459, 484, 
566 
RC, delay, 444 
rectifier, 593-600 
resonant, 523, 531 
series, 10, 75-89, 311, 420, 458, 
470-482, 552 
series-parallel, 110-122, 564 
three-phase, 291, 513 
Circuit breaker, 357, 664 
Circuit diagram, 13 
Circular mil, 62, 664 
Coefficient: 
of coupling, 342, 664 
temperature, 64, 419 
Coercivity, 214, 664 
Coils: 
air-core, 339 
choke, 340, 396 
degaussing, 217 
iron-core, 339 
Commutator, 222, 292, 665 
Complex numbers, 548-573, 665 
Compound motor, 221 
Conductance, 35, 43, 100, 566, 665 
Conductivity, 665 
Conductors: 
electric, 9, 31, 665 
semi-, 31, 33, 64, 219, 683 
Conjugate quantity, 514, 557 
Constant-current source, 180 
Control grid, 319 
Conventional current direction, 33 
Conversion: 
polar-to-rectangular, 560 
rectangular-to-polar, 559 
Conversion factors, 8 


INDEX 


Conversion of units, 9 
Coordinates: 
polar, 549 
rectangular, 554 
Coulomb, definition, 26 
Coulomb’s law, 25 
Counter emf, 337, 371, 663 
Coupled circuit, 456 
Coupling: 
coefficient of, 342, 664 
magnetic, 351 
mutual, 342 
Coupling capacitors, 456, 622 
Covalent bonding, 30, 585 
Critical damping, 538 
CRO, 319-326 
CRT, 319, 660 
CR time constant, 431 
CR wave shaping, 441 
Curie temperature, 216, 666 
Current: 
alternating, 286-291, 302-312 
ampere, 31 
branch, 169 
capacitive, 411, 453 
charging, 138, 411, 430 
collapse, 379 
conventional, 33 
definition, 31 
dependent variable, 43 
direction, 33 
discharging, 28, 137, 411, 433 
displacement, 414 
eddy, 352 
electric, 9, 31 
electron flow, 33 
exciting, 350 
hole flow, 586 
inductive, 371, 393, 473 
inrush, 66, 430 
instantaneous, 286, 305 
lagging, 469, 480 
leading, 469, 470 
leakage, 418 
line, 118 
loop, 171 
magnetizing, 350 
polar form, 549 
pulsating, 291, 593 
rate of change, 372 
resonant rise of, 534 
rise, 371 
short-circuit, 105, 137, 182 
sine-wave, 286, 303 
steady-state, 372 
tank, 534 


total, 97, 111, 115, 484 
Current carriers, 588 
Current divider principle, 104, 312 
Current ratio, 350 
Current sensitivity, 236, 244 
Current source, 180 
Current transformer, 361, 666 
Cycle, 287, 666 


Damping, resonant circuits, 538 
D’Arsonval movement, 235 
Decay, current, 379 
Decibels, 623, 666 
Declination, 218 
Deflecting plates, 319 
Degaussing, 217 
Degrees, electrical and mechanical, 289 
Delay circuit, 444 
Delta-connected three-phase system, 291, 666 
Delta-wye transformation, 194 
Demagnetization, 216 
Demodulation, 540 
Dependent variable, 43 
Depletion region, 588 
Depolarizer, batteries, 132 
Determinants, 646 
Diagram: 

circuit, 13 

impedance, 473 

phasor, 468-486 

pictorial, 10, 13 

schematic, 10, 13 

symbols, 11, 640 
Diamagnetic materials, 205, 667 
Dielectric, 413-416, 667 
Dielectric constant, 413, 667 
Dielectric hysteresis, 460 
Dielectric strength, 63, 415, 667 
Difference in potential, 27 
Differentiating circuit, 442, 667 
Digital, see Meters 
Diode: 

avalanche effect, 591 

characteristic VJ curves, 591 

construction, 589, 592 

forward-biased, 588 

free-wheeling, 386 

germanium, 592 

light emitting, 584 

ohmmeter checking, 592 

peak inverse voltage, 591 

rectifiers, 593-600 

reverse—biased, 589 

silicon, 587-592 

symbol, 590 

Zener, 591 
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Direct current, 9, 31, 291, 667 
Direct current motors, 220 
Direct probe, 322 
Discharge: 
battery, 136 
capacitor, 411, 433 
displacement current, 414 
resistor, 386 
Dissipation factor, 460, 667 
Distortion, 622, 627, 667 
Divider: 
current, 104, 312 
voltage, 82, 312, 421 
Domains, magnetic, 214, 668 
Donor atoms, 586 
Doorbell, 209 
Door chimes, 208 
Dot notation, 342 
Drift, electron, 33, 588 
Drop of potential, 75, 118 
Dry cell, 10, 132, 140 
Dry charge, 138 
Dynamic microphone, 282 


Earth’s magnetic field, 218 
Eddy current, 352, 668 
Edge frequency, 527 
Edison three-wire system, 357 
Effective resistance, 402 
Effective value, 307, 668 
Efficiency, 160, 351, 668 
Electrical degrees, 289 
Electric charge, 31 
Electric energy, 9, 45, 48, 137, 378, 422 
Electric field, 413, 415, 668 
Electricity: 
definition, 668 
static, 26 
Electric lines of force, 414 
Electric potential, 27, 87 
Electric power, 46, 48, 161 
Electric quantity, 26 
Electric shock, 14, 423 
Electrode, 29, 131, 668 
Electrodynamometer, 327 
Electrolysis, 143 
Electrolyte, 131, 137, 668 
Electromagnet, 207, 668 
Electromagnetic induction, 279 
Electromagnetism, 207 
Electromotive force: 
alternating, 284-287, 302-312 
counter, 337, 371 
definition, 29, 669 
direct, 9, 29, 130-146 
Hall, 219, 241, 362 
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Electromotive force (Continued ) Factor: edge, 527 
induced, 273, 284, 337 conversion, 8 fundamental, 536 
source, 130-146, 279 dissipation, 460 harmonic, 536 
volt, 28 power, 507 intermediate, 536 
Electron gun, 319 reactive, 508 measurement, 322, 325, 329 
Electron-hole pair, 585 Fall of current, 379 resonant, 526 
Electronic calculator, 5 Farad, definition, 412, 669 Fuel cell, 143, 670 
Electrons: Faraday’s law, 280, 349 Full scale deflection, 236, 240 
charge, 26 Feedback: Full-wave rectification, 292, 327, 596, 670 
drift, 33 advantage, 627 Function generator, 325 
energy levels, 397 loop gain, 627 Function switch, 14 
flow, 28, 33 negative, 626 Fundamental, 536 
free, 31, 585 positive, 627, 630 Fuse, 82, 105, 357, 671 
mass, 30 Ferrites, 215, 352 
shells, 30 Ferromagnetic materials, 205, 215, 669 Galvanometer, 257, 266, 279, 671 
theory, 26 Field: Gauss, 217, 671 
valence, 30, 397, 585 electric, 413, 415 Gaussmeter, 219, 671 
velocity, 33 magnetic, 205 General bridge equation, 581 
Electron trace, 320 Field intensity: Generation of ac and dc, 278-292 
Electrostatic field, 413 electric, 414 Generator: 
Electrostatic induction, 416 magnetic, 212, 218 ac, 286-290 
Electrostatics, 26, 669 Field windings, 220, 289, 292, 670 dc, 291 
Energy: Filter capacitors, 443, 600 definition, 286, 671 
chemical, 142 Filter chokes, 396, 602 four-pole, 288 
cost, 48 Filter networks, 396, 443, 600-604 three-phase, 289 
definition, 45, 669 Fluorescent: two-pole, 286 
electric, 9, 45, 48, 137, 159, 220 lamp, 397 Geometric construction, vector diagrams, 467 
heat, 403 screen, 319 Germanium diode, 592 
joule, 28, 45 Flux: Graphic symbols, 11, 640 
levels in atom, 397 electric, 670 Graticule, 320 
mechanical, 45, 220 magnetic: Ground, 87, 121, 329, 671 
storage, 378, 422 definition, 205 Ground fault circuit interrupter, 358 
work, 45 density, 211 
Engineering prefixes, 8 leakage, 342 Half-cycle average, 594 
Equations: lines of force, 205 Half-power points, 527, 626 
general bridge, 581 linkages, 342 Half-wave rectification, 593 
Kirchhoff’s law, 76, 97, 169 mutual, 342 Hall effect, 219, 241, 362, 671 
loop, 171 weber, 212 Hand-rule, magnetic field direction, 207 
mesh, 171 Flux density, magnetic, 211 Harmonics, 536, 671 
Wheatstone bridge, 266 Focusing anode, 319 Heat energy, 403 
Equivalent circuits: Force: Henry, 337, 671 
capacitor, 418, 460 coercive, 214 Hertz, 288, 672 
circuit simplification, 111 electromotive, 29, 130-146 Heterodyne, 540, 672 
delta-wye, 194 electrostatic, 26 High frequency emphasis, 458, 478 
Norton, 182, 572 gravitational, 45 Hole flow, 586, 672 
parallel, 98, 99, 155, 535 magnetic, 212, 218 Horsepower, 47, 672 
series, 77, 155 magnetizing, 212 Hydrometer, 139, 672 
series-parallel, 111-116, 155 magnetomotive, 212 Hysteresis: 
Thévenin, 175, 568 mechanical, 45 dielectric, 460 
Equivalent impedance, 567 Forward-current transfer ratio, 618, 619 magnetic, 213, 351, 656, 672 
Equivalent reactance, 567 Four-way switch, 356 Hysteresis loop, 214, 656 
Equivalent resistance, 77, 98, 99, 403, 567 Four-wire three-phase system, 291 Hysteresis loss, 214, 351, 460 
Equivalent susceptance, 567 Free electrons, 31, 586, 670 
Errors, 240, 261 Frequency: Ignition system, automotive, 384 
Exciting current, 350 angular, 304 Imaginary component, 555 
Exponential curves, 374, 436 conversion, 540 Impedance: 


Exponential equations, 376, 380, 437 definition, 288, 670 conjugate, 514 
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definition, 472, 672 

internal, 514 

parallel, 484, 558 

polar form, 549 

rectangular form, 555 

reflected, 354, 514 

series, 472-482, 556 

series-parallel, 564 
Impedance angle, 473, 550 
Impedance bridge, 404 
Impedance diagram, 473 
Impedance matching, 354, 514 
Impedance networks, 568 
Impedance transformation, 354 
Impedance triangle, 473 
Impurity materials, 586 

acceptor, 587 

donor, 586 

pentavalent, 586 

trivalent, 587 
Incandescent lamp, 43, 67, 594, 672 
Independent variable, 43 
Induced electric field, 415 
Induced emf, 279, 284, 337, 648, 672 
Inductance, 336-344 

in ac circuits, 392—404 

in de circuits, 370-386 

definition, 337 

factors governing, 339 

henry, 338 

measurement, 382, 403, 419, 474, 501 

mutual, 341, 400 

self-, 337, 672 

total, 341 
Induction: 

electromagnetic, 279 

electrostatic, 415 

magnetic, 206 

mutual, 341, 400 

self-, 337 
Induction heating, 352 
Induction motor, 672 
Inductive, 468, 473, 555 
Inductive reactance: 

definition, 394, 672 

derivation of formula, 653 

factors governing, 395 
Inductive susceptance, 566 
Inductors: 

definition, 340, 673 

energy stored in, 378 

filter, 396, 602 

graphic symbol, 11, 377 

parallel, 340, 401 

practical, 340 

series, 340, 400 

smoothing, 396, 602 


typical, 11 
Input resistance, 623, 627 
Inrush current, 67, 430 
Instantaneous value: 

addition, 471 

current, 305 

power, 306 

voltage, 286 
Instrument measuring, 234-248, 257-269, 

318-330, 404 

Instrument transformers, 361 
Insulation resistance, 418 
Insulator breakdown, 63, 386, 415 
Insulators, 31, 63, 673 
Integrated circuit, 673 
Integrating circuit, 444, 656, 673 
Intensity: 

electric field, 414 

magnetic field, 212 
Intermediate frequency, 540 
Internal resistance, 117, 153-155, 354 
International system of units, 7 
Ionization, 383, 397 
Ions, 131, 673 
IR drop, 76 
Iron, magnetic properties, 215 
Iron-core coils, 338 
Iron-core transformers, 348—365 
Iron-vane meter, 329, 673 
Isolation transformer, 350, 358 


J operator, 553 
Joule, definition, 28, 45 


Kilowatthour, definition, 49, 673 
Kirchhoff law equations, 76, 97 
Kirchhoff’s laws: 

in ac circuits, 471 

current law, 97, 169 

in de circuits, 76, 169, 371, 431 

voltage law, 76, 169 


Ladder diagram, 117 

Laminations, 352, 674 

Lamp: 
fluorescent, 397 
incandescent, 43, 67, 594, 672 
neon, 384, 444 

Laws: 
Coulomb’s, 25 
Faraday’s, 280, 349 
Kirchhoff’s, see Kirchhoff’s laws 
Lenz’s, 280, 337, 371, 674 
Ohm’s, 41, 223, 308 

LC filter, 603 

LC ratio, 529 

Leakage current, 418, 589 


Leakage flux, 343 
Leclanché cell, 132 
Lenz’s law, 280, 337, 371, 674 
Linear impedance network, 568 
Linear resistor, 43, 65 
Line current, 118 
Lines of force: 
electric, 414 
magnetic, 205 
Line voltage, 118, 310, 357 
Linkages, flux, 342 
Lissajous figures, 324, 483 
Load: 
balanced, 513 
delta-connected, 194 
electric, 9, 45, 153 
unbalanced, 513 
wye-connected, 194 
Loading, 241, 245 
Load resistance, 45, 153 
Lodestone, 204 
Loop, tracing, 169, 171 
Loop current, 171 
Loop equations, 172 
Loss: 
eddy current, 351 
hysteresis, 214, 351, 460 
winding, 351 
Loudspeaker, 219 
Low frequency emphasis, 457, 478 
LR time constant, 372 


Magnet: 

bar, 206 

electro-, 207, 668 

permanent, 205, 675 

temporary, 208 
Magnetic circuits, 223-226 
Magnetic core memory, 215 
Magnetic declination, 218 
Magnetic domains, 214 
Magnetic field, 205, 218, 675 

intensity, 212 

strength, 211, 675 
Magnetic flux, 205, 675 

density, 205, 211, 675 
Magnetic force, 217 
Magnetic induction, 206 
Magnetic lines of force, 206 
Magnetic materials: 

diamagnetic, 205 

ferrites, 215, 352 

ferromagnetic, 205, 215, 352 

nonmagnetic, 205 

paramagnetic, 205 
“Magnetic Ohm’s law,” 223 
Magnetic permeability, 213 
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Magnetic poles, 205, 218 Minority current carriers, 587 Nonlinear magnetic circuits, 224 
Magnetic relay, 210 Mixer, 540 Nonlinear resistors, 43, 66 
Magnetic reluctance, 223 Motor action, 280 Nonlinear scales, 263, 328 
Magnetic retentivity, 207, 213 Motors, de, 220 Nonmagnetic materials, 205 
Magnetic saturation, 213 Moving-coil movement, 235, 326 Normal magnetization curve, 214 
Magnetic shielding, 352 Moving-iron movement, 329 Norton’s theorem, 182, 572 
Magnetic tape, 216 Multimeter, 15, 268, 363 Notation, scientific, 5 
Magnetic variation, 218 Multiplication, vector, 550, 557 N-type semiconductor, 586 
Magnetism, 205-227 Multiplier, voltmeter, 242 current in, 587 
residual, 207, 213, 292 Multirange meters, 15, 237, 243, 264 Nucleus, 30, 677 
Magnetite, 204 Mutual coupling, 343 Null condition, 259, 266, 677 
Magnetization curves, 225 Mutual flux, 341, 343 Numerical accuracy, 6 
Magnetizing current, 350 Mutual inductance, 341, 400, 677 
Magnetizing force, 212 Mutual induction, 341, 400 Oersted, 207, 217, 677 
Magnetizing intensity, 212 Mutual reactance, 400 Ohm, definition, 35 
Magnetomotive force, 212, 675 Ohmmeter, 17, 45, 262-265, 433 
Majority current carriers, 587 Negative charge, 25 definition, 677 
Matching, 161, 354 Negative potential, 27, 87 Ohm’s law, 41, 223, 308 
Maximum power transfer, 160, 354, 514, Network analysis, 168-196 Ohms per volt rating, 244 
676 branch current, 169 Open circuits, 80 
Maxwell bridge, 581 delta-wye, 194 Open-circuit voltage, 153, 175 
Mechanical energy, 45 loop current, 171 Operator j, 553 
Mechanical force, 45 mesh current, 171 Orbits, electron, 29 
Mechanical power, 46 Nodal analysis, 190 Oscillator: 
Memory effect, 141 Norton’s, 182, 572 local, 540 
Mesh equations, 171 superposition, 173 Wien bridge, 630 
Meter movement: Thévenin’s, 175 Oscilloscope, 318-326, 678 
D’Arsonval, 235, 326 Networks: calibration, 322 
electrodynamometer, 327 active, 169-195 construction, 319 
moving-coil, 235, 326 attenuator, 202 controls, 320—322 
moving-iron, 329 bridge, 173, 188 dual-beam storage, 326 
Weston, 235 bridged-T, 202 measurement: 
Meter multiplier resistor, 242 delta, 194, 291 of frequency, 322, 325 
Meters: Edison three-wire, 357 of phase angle, 482 
ammeter, 15, 235-242, 326-329, 363 multisource, 170, 173 of voltage, 322 
capacitance, 419 passive, 194 operation, 320 
connection of, 16, 41 pi-, 196 probe, 322 
digital, 242, 268, 329, 363 power distribution, 356 probe compensation, 322 
frequency, 329 resistance, 169-196 single beam, 321 
galvanometer, 257, 266 T-, 196 Overload, 105, 678 
gaussmeter, 219 three-terminal, 194 
impedance, 404, 551 two-terminal, 175 Parallax, 240 
multimeter, 14, 15, 268, 363 Wheatstone bridge, 173, 188, Parallel capacitors, 419, 459 
ohmmeter, 17, 262—265 265-268 Parallel cells, 157 
oscilloscope, 318-326 wye, 194, 291 Parallel circuits, 97-105, 311, 419, 459, 484 
potentiometer, 257 Network theorems: Parallel impedances, 558 
power factor, 507 Millman’s, 185 Parallel inductors, 340, 401 
true reading rms, 310, 327, 329 Norton’s, 182, 572 Parallel resistors, 97-105, 311 
varmeter, 500 superposition, 173 Parallel resonance, 486, 531-541, 678 
vector, 551 Thévenin’s, 175, 568 Paramagnetic materials, 205, 678 
voltmeter, 15, 242-248, 551 Neutral, 291, 330, 356, 677 Passive networks, 194 
VTIVM, 15, 245 Neutron, 30, 677 Peak value of sine wave, 287, 678 
wattmeter, 161, 328 Newton, 25 Percentage error, 240 
Meter shunt resistor, 236 Nodal analysis, 190 Period, 289, 323, 678 
Microphone, 282 Nodes, 97, 677 Permanent magnet, 205 


Millman’s theorem, 185 Noninductive resistors, 387 moving-coil, 235, 326 
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Permeability: 
definition, 213, 678 
free space, 213 
relative, 213 
Permittivity: 
absolute, 416, 679 
free space, 412 
relative, 416 
Phase angle, 394, 453, 471, 476, 480, 679 
measurement, 482 
Phase inversion, 622 
Phasor, 467, 679. See also Vector 
Phasor diagram, 468-486 
Phosphor, 319 
Photoflash, capacitor, 434 
Photovoltaic cell, 144, 679 
Pictorial diagram, 10, 13 
Piezoelectric effect, 146, 679 
Pi-network, 196 
PN junction, 587-592 
breakdown voltage, 590 
capacitance, 589 
characteristic curves, 591 
construction, 589 
cut in voltage, 591 
depletion region, 589 
forward-biased, 588 
potential barrier, 589 
reverse-biased, 589 
reverse current, 589 
temperature dependence, 589, 592 
Zener voltage, 591 
Polar coordinates, 549 
Polarity markings, 76, 306, 330, 592 
Polarity of voltage drop, 76 
Polarization: 
atom, 414, 416, 679 
battery, 132 
capacitor, 418 
generator, 292 
Poles, magnetic, 205, 288 
Polyphase systems, 291, 679 
Positive charge, 25, 679 
Positive potential, 27, 87, 121 
Potential: 
barrier, 589 
depletion layer, 589 — 
ionization, 384, 397 
Potential difference, 9, 27, 87 
instantaneous, 286 
Potential drop, 76 
Potential rise, 76 
Potential transformer, 361 
Potentiometer, 53, 84, 257, 680 
Power, 496-515 
apparent, 351, 500 


average, 307, 498 
definition, 45, 680 
electrical, 46, 48 
factor, 351, 507, 680 
instantaneous, 306, 498 
lagging reactive, 498 
leading reactive, 500 


maximum transfer of, 160, 354, 514 


measurement, 161, 328, 513 
mechanical, 47 
net reactive power, 511 
parallel circuit, 100 
peak, 306 
in pure capacitance, 499 
in pure inductance, 498 
in pure resistance, 497 
reactive, 498 
Series circuit, 75 
Series-parallel, 114 
three-phase, 513 
true, 309, 497 
var, 498 
voltampere, 351, 498 
watt, 46, 497 
Power distribution, 355 
Power factor: 
angle, 507 
correction, 510 
definition, 507 
lagging, 509 
leading, 509 
meter, 509 
unity, 509 
Power supply, 88, 604, 680 
Power triangle, 502 
Prefixes, 8 
Primary, transformer, 349 
Primary cell, 131-137, 680 
Probes, 322 
Propagation velocity, 34 
Proton, 30, 680 
P-type semiconductor, 587 
Pulsating current, 292 
Pulsating power, 306 
Pythagoras, 502, 503 


Q factor, resonant circuits, 528, 534, 


680 
Quadrature power, 498 
Quality of coil, 402, 475 
Quantity of electric charge, 26 


Radian, 303, 680 

Radio frequencies, 540 

Range switch, 14, 238, 243 

Rate of change, 280, 281, 372, 453 


Reactance: 
capacitive, 453, 658 
inductive, 394, 653 
mutual, 400 
net, 480 
Reactive factor, 508 
Reactive power, 498, 502 
Real component, 555 
Real power, 497, 681 
Recombination in semiconductors, 
587 
Rectangular coordinates, 554 
Rectifier, 290, 327, 593-600, 681 
Rectifier circuits: 
bridge, 597 
full-wave, 596 
half-wave, 593 
three-phase, 598 
Rectifier filters, 600—604 
Reference phasor, 468, 470, 552 
Reference signs, 306. 
Reflected impedance, 354, 514 
Regulation, voltage, 121, 154, 680 
Regulator, voltage, 290, 591 
Relative permeability, 213, 681 
Relative permittivity, 416 
Relay, magnetic, 210, 681 
Reluctance, 223, 681 
Residential wiring, 356 
Residual magnetism, 213, 292, 682 
Resistance: 
ac, 402 
definition, 35, 682 
effective, 402 
equivalent, 77, 98, 175, 402 
factors governing, 35, 61 
insulation, 418 
internal, 117, 152-155, 354 
load, 9, 45, 153 
measurement, 16, 261 
nature of, 35 
ohm, 35 
ohmic, 402 
reflected, 354 
specific, 61 
substitution box, 54 
temperature coefficient, 64 
total, 77, 244 
Resistance networks, 169-202 
Resistive, 474, 480 
Resistivity, 61, 682 
Resistors: 
bifilar, 387 
bleeder, 120 
carbon composition, 49 
color code, 51 
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Resistors (Continued ) 

construction, 50 

decade, 54 

definition, 49 

DIP, 52 

discharge, 386 

fixed, 49 

graphic symbol, 11, 640 

linear, 43, 65 

metal film, 52 

multiplier, 242 

nonlinear, 43, 66 

parallel, 97-105 

series, 75-88 

series-dropping, 79, 119 

series-parallel, 110-122 

shunt, meter, 236 

standard values, 642 

thyrite, 69 

tolerance, 50 

typical, 11 

variable, 52 

wirewound, 52 
Resonance, 522-541 

definition, 523, 536, 682 

parallel, 486, 531-541 

series, 480, 523-531 
Resonant circuit, 523-531 
Resonant frequency, 525, 537, 682 
Resonant rise of current, 534 
Resonant rise of voltage, 529 
Retentivity, 207, 213, 682 
Reverse breakdown voltage, 591 
RF generator, 325, 534 
Rheostat, 53, 282, 682 


Right-hand rule, flux direction, 207, 280 


Ripple factor, 600 
Ripple voltage, 396, 443, 600 
Rise: 

current, 371 

potential, 76 
rms value of sine wave, 308, 682 
Rotating magnetic field, 289 
Rotating vector, 467 
Rotor, 221, 290 
Rounding-off, 6 


Safety, 12 

Saturation, magnetic, 213, 682 
Sawtooth wave, 320 

Scales, reading, 16 

Schematic diagram, 10, 13, 117 
Scientific notation, 5 

Secondary, transformer, 349, 682 
Secondary cell, 136-141, 682 


Selectivity, resonant circuit, 526, 535, 683 


Self-excited, 292 
Self-inductance: 

definition, 337, 683 

factors governing, 339 

graphic symbol, 11, 338 
Self-induction, 337, 683 
Semiconductors, 33, 63, 220, 683 

N-type, 586 

P-type, 587 

recombination in, 587 
Sensitivity: 

meter movement, 236 

resonant circuit, 526 

voltmeter, 244 
Separately excited, 292 
Series capacitors, 420, 458 
Series cells, 88, 155 
Series circuit: 

electric, 10, 75-88, 311, 420, 458, 

470-482, 552 

magnetic, 226 
Series-dropping resistor, 79, 119 
Series impedances, 556 
Series inductors, 340, 400 
Series motor, 221 
Series-parallel circuits, 110-122, 564 
Series resistors, 75-88, 311 
Series resonance, 480, 523-531, 683 
Shelf-life, 133, 137 
Shells, electronic, 30 
Short-circuit current, 105 
Short circuits, 81 
Shunt: 

ammeter, 236, 683 

Ayrton, 238 
Shunt motor, 221 
Siemens, definition, 35, 566, 683 
Signal generators, 325 
Significant figures, 6 
Silicon: 

current in, 586 

diode, 587-592 

elecron-hole pairs, 585 

extrinsic, 586 

holes in, 586 

intrinsic, 586 

N-type, 586 

P-type, 587 
Sine wave: 

addition, 471 

amplitude, 287, 651 

average value, 307 

cycle, 288, 323 

definition, 287, 684 

effective value, 307 

half-wave rectified, 292 


instantaneous value, 286, 303 
peak value, 287, 305 
period, 289, 323 
rms value, 307 
SI system, 7 
Skin effect, 403, 684 
Slig rings, 286, 289 
Smoothing capacitor, 443, 600 
Smoothing choke, 396, 602 
Solar battery, 144, 684 
Solenoid, 208, 684 
Solenoid valve, 208 
Source: 
constant current, 180 
of emf, 10, 131-146, 279 
energy, 9 
three-phase, 289 
Specific gravity, 138 
Specific resistance, 61 
Split ring, 292 
Square wave, 382, 441 
Standard cell, 259 
Star-connected system, 194, 291 
Starter, fluorescent, 397 
Static electricity, 25 
Stator, 220, 290 
Steady-state values, 372, 431 
Storage battery, 136-141 
Superconductivity, 64, 66 
Superheterodyne receiver, 540 
Superposition theorem, 173 
Susceptance, 566, 685 
Switch, electric, 10, 685 
Symbols, graphic, 11, 640 


Tables: 
atomic structure, 30 
capacitor, types, 417 
color codes, 51 
conversion of units, 8 
dielectric constants, 413 
dielectric strengths, 63, 415 
filter circuits, 603 
graphic symbols, 11, 640 
line voltages and frequencies, 310 
meter movement resistances, 236 
multimeter characteristics, 269 
prefixes, 8 
primary cells, 137 
resistivities, 61 
secondary cells, 143 
standard resistance values, 642 
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temperature coefficient of resistance, 65 


trigonometric functions, 649 
wire, 644 
Tank current, 534 
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Temperature, 64 

Curie, 216 
Temperature coefficient of resistance, 64 
Temperature rise, 65 
Temporary magnet, 208 
Terminal voltage, 133 
Tesla, definition, 212, 685 
Theorems: 

maximum power transfer, 160 

Millman’s, 185 

Norton’s, 182, 572 

Superposition, 173 

Thévenin’s, 568 
Theoretical parallel resonance, 531 
Thermal runaway, 624 
Thermal stability, 624 
Thermistor, 67, 685 
Thermocouple, 81, 146, 209, 685 
Thermopile, 81 
Thermostat, 81, 209 
Thévenin’s theorem, 175, 568 
Three-phase systems: 

definition, 289, 686 

delta, 291 

four-wire wye, 291 

power, 291, 356, 513 

rectifier, 598 
Three-terminal networks, 194 
Three-way switch, 357 
Three-wire system, 357 
Thyrite, 69 
Time constant: 

CR networks, 431, 686 

LR networks, 372, 686 
T-network, 196 
Tone controls, 456 
Toroid, 212 
Torque, 221, 235 
Tracing loops, 171 
Transducer, 268, 686 
Transformation ratio, 349 
Transformations: 

delta-wye, 194 

impedance, 354 
Transformer: 

audio, 355 

auto-, 360 

center-tapped, 357, 596 

current, 361 

efficiency, 351 

instrument, 361 

iron-core, 349-364, 686 

isolation, 358 

loading, 350 

multiple secondaries, 363 

potential, 361 


power, 352 
radio frequency, 352 
step-up and step-down, 350, 384 
tuned, 540 
Transformer action, 349 
Transformer rating, 351, 511 
Transient, 372, 431, 686 
Transistors, 613-631, 687 
ac current gain, 618, 619 
alpha, 619 
amplifying action, 616 
beta, 618 
bias, 616, 622, 625 
collector characteristic curves, 618, 
620 
common base, 619 
common emitter, 616 
construction, 614 
curve tracer, 619 
cutoff frequency, 625 
dc current gain, 618, 619 
diode analogy, 613 
dissipation, power, 616 
forward-current transfer ratio: 
CB, 619 
CE, 618 
lead identification, 615 
leakage current, 616 
NPN, 613 
ohmmeter checking, 614 
packaging, 615 
PNP, 614 
switch, 617 
symbol, 613 
types, 613 
Treble control, 456 
Trigonometric ratios, 649 
True power, 497 
True-reading rms, 310, 328, 329 
Tuned circuits, 531, 687 
Tuned transformers, 540 
Turns ratio, 349, 687 
Two-terminal networks, 175, 568 
Two wattmeter power measurement, 513 


Uncovered charges, 588 
Units: 
conversion, 8 
international system, 7 
MKS, 7 
prefixes, 8 
Universal motor, 223 
Universal shunt, 238 
Universal time constant curves: 
CR circuits, 436 
LR circuits, 374 


Vacuum-tube voltmeter, 15, 245 


Valence electrons, 30, 687 

Var, 498 

Variation, 218 

Varistor, 69 

Varmeter, 500 

Vector: 
addition, 470, 555 
definition, 467, 687 
division, 550, 551 
multiplication, 550, 557 
rotating, 467 
subtraction, 555 

Vector algebra, 549-573 

Volt, definition, 28, 687 

Voltage: 
breakdown, 63, 415 
definition, 28, 687 
Hall, 219, 241, 362 
induced, 279, 284, 337 
line, 117, 310, 357 
open circuit, 153, 175 
polar form, 549 
rate of change, 429, 453 
rectangular form, 555 
resonant rise of, 529 
terminal, 133, 153, 160 
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Voltage divider, 83, 119-122, 312, 421, 477, 


505, 535 
Voltage divider principle, 83 


Voltage drop, 44, 75, 118, 152 


Voltage ratio, 349 

Voltage regulation, 121, 154 

Voltage regulator, 290, 591 

Voltage rise, 76 

Voltage triangle, 473 

Voltaic cell, 131 

Voltampere, 351, 500, 687 
reactive, 498, 687 

Volt-box, 259 


Voltmeter, 15, 41, 242-248, 257, 687 


calibration, 259 
loading effect, 245 
multipliers, 242 
sensitivity, 242, 244, 688 
Volume control, 85 
VOM, 14, 246, 269 
VTVM, 15, 245 


Watt, definition, 46 
Watthour meter, 357 


Wattmeter, 161, 328, 513, 688 


Wave: 
sawtooth, 320 
sine, 286, 303 
square, 379, 441 
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Wavelength, 688 

Weber, definition, 212, 281 

Weston standard cell, 259 

Wet-cell battery, 131, 136 

Wet charge, 138 

Wheatstone bridge, 173, 188, 265-268 


Window, 169, 172 

Wire table, 62, 644 

Work, 28, 45, 688 

Wye-connected three-phase system, 291, 
688 

Wye-delta transformation, 194 


Xerography, 27 


Yoke, 319 


Zener diode, 591, 689 


INDEX 














ISBN 0-471-80654-4 











